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Abstract: 
The work described in the following was inspired by radical copper enzymes such as 
Galactose Oxidase (GO). GO catalyses the two-electron oxidation of terminal alcohols to the 
corresponding aldehydes using air oxygen. Transfer of two electrons is possible, since GO 
contains two magnetically coupled one-electron redox centres: a tyrosylate ligand from the 
apo-protein, which exists either in the tyrosylate or the tyrosyl radical form and is bound to a 
copper ion possessing two stable oxidation states (+I and +II).  The catalytic activity of GO 
can be assigned to the Cu−OTyr (Tyr = Tyrosine, or more general Cu−Oaryl) motive, which 
is also found in all complexes synthesised and characterised in this thesis.  
The ligands specifically designed for this study, contain substituted, non-substituted or 
aromatically enlarged phenoxy moieties and belong to various compound classes: O,N,O 
pincer ligands, O,O’,N donor ligands, salen type ligands, phenol-substituted triazole ligands, 
phenalenone ligands, benzoquinone ligands und acridine ligands. All of them were used to 
synthesise CuII complexes, selected ligands (e.g. O,O’,N, donor ligands) were additionally 
coordinated to NiII, ZnII, FeII, FeIII and CoII.  
All compounds were fully characterised using NMR or EPR spectroscopy, UV/vis/NIR-
absorption spectroscopy, emission spectroscopy, cyclic voltammetry, spectroelectrochemistry, 
elemental analysis and XRD. These studies focus on (a) the electrochemical properties of the 
two one-electron redox couples CuII/CuI und [PhO•+]/[PhO], (b) the influence of ligand- and 
complex structure on both redox pairs and (c) the catalytic activity of the complexes resulting 
from their electrochemical properties. The latter was investigated by test reactions using 
benzyl alcohol as substrate and an in situ generated catalyst. 
Furthermore, detailed investigations on reactions yielding the active radical species 
CuII−[OPh•+] under catalysis conditions were performed using a phenol-substituted triazole 
ligand system. Two methods were compared, one starting from a CuI precursor, which is 
oxidised by air oxygen to yield the copper radical complex and the second starting from CuII 
complexes which undergo a disproportionation reaction forming the active radical species and 
a CuI byproduct. 
 
Kurzzusammenfassung: 
Die im Folgenden beschriebenen Arbeiten wurden inspiriert von Radikal-Kupfer 
Enzymen wie der Galactose Oxidase (GO). GO katalysiert die Zwei-Elektronen-Oxidation 
von terminalen Alkoholen zu den korrespondierenden Aldehyden unter Verwendung von 
Luftsauerstoff. Die Elektronenübertragung wird durch magnetische Kopplung zweier Ein-
Elektronen-Redoxzentren ermöglicht: ein Tyrosylat-Ligand aus dem Apo-Protein, der 
entweder als Tyrosylat oder als Tyrosyl-Radikal vorliegt, koordiniert dazu an das Kupferion, 
das in zwei stabilen Oxidationsstufen (+I und +II) vorliegen kann. Die katalytische Aktivität 
von GO kann auf das Strukturmotiv Cu−OTyr (oder vereinfacht Cu−OPh) reduziert werden. 
Alle Verbindungen, die im Rahmen dieser Arbeit synthetisiert und charakterisiert wurden 
weisen  ein solches Strukturmotiv auf.  
Durch gezieltes Ligandendesign wurden Systeme erhalten, die substituierte, 
unsubstituierte, oder aromatisch erweiterte Phenoleinheiten enthalten. Die verwendeten 
Liganden gehören zu den Klassen der O,N,O-Pincer-Liganden, O,O‘,N-Donor-Liganden, 
salen-typ-Liganden, Phenol-substituierten Triazol-Liganden, Phenalenon-Liganden, 
Benzochinon-Liganden und Acridin-Liganden. Die Liganden wurden vorrangig zur Synthese 
von CuII Komplexen verwendet, mit ausgesuchten Liganden wurden zusätzlich auch NiII, ZnII, 
FeII, FeIII und CoII Komplexe hergestellt (v.a. mit den O,O‘,N-Donor-Liganden).  
Alle Verbindungen wurden vollständig charakterisiert unter Verwendung von NMR- oder 
ESR-Spektroskopie, UV/vis/NIR-Absorptionspektroskopie, Emissionsspektroskopie, 
Cyclovoltammetrie, Spektroelektrochemie, Elementaranalyse und Röntgenbeugung am 
Einkristall. Im Mittelpunkt der Untersuchungen standen dabei (a) die elektrochemischen 
Eigenschaften der beiden Ein-Elektronen-Redoxzentren CuII/CuI und [PhO•+]/[PhO] bzw. (b) 
der Einfluss struktureller Veränderungen der Liganden und Komplexe auf die Eigenschaften 
der beiden Redoxpaare und schließlich (c) der Einfluss der elektrochemischen Eigenschaften 
auf das katalytische Potential der Komplexe. Letzteres wurde in Testreaktionen untersucht, 
bei denen Benzylalkohol als Substrat verwendet und der Katalysator in situ generiert wurde. 
An einem ausgewählten Komplexsystem (mit Phenol-substituiertem Triazol-Ligand)  
wurden ferner detailierte Untersuchungen zur Generierung der aktiven Species CuII−[OPh•+] 
vorgenommen. Hier wurden zwei Methoden verglichen, die Verwendung von CuI 
Prekursoren, die mittels Luftsauerstoff zur CuII-Radikal-Spezies oxidiert werden, und die 
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1.1 Metal functions in biological systems 
Approximately one third of all enzymes and proteins require metal ions for their biological 
function.[1] Redox inactive metal ions such as Mg2+, Ca2+ and Zn2+ are mainly important for 
enzyme structure and/or configuration. Since function and structure are inseparable in biological 
systems these metals are crucial. Redox active metals as manganese, iron, cobalt and copper are 
important for electron transfer (uptake, release and storage), dioxygen binding or oxygenation / 
oxidation catalysis (substrate binding and activation).[1] Scheme 1 shows an overview over metal 













hydrolases oxido-reductases isomerases & synthetases
phosphatases            Mg, Zn, Cu
aminopeptidases       Mg, Zn
carbopeptidases        Mg
oxidases          Fe, Cu
reductases       Fe, Cu, Mo
nitrogenases    Fe, Mo, V
hydroxylases   Fe, Cu, Mo
hydrogenases   Fe, Ni
superoxide       Fe, Cu, Mn 
dismutase





siderophores    Fe
skeletal            Ca, Si
Na, K - transfer
chlorophyll          Mg
photosystem II     Mn
ferritin                Fe
transferritin        Fe
ceruloplasmin    Cu
myoglobin         Fe
haemoglobin     Fe
haemerythrin     Fe
haemocyanin    Cu
Scheme 1: Classification of metal dependent biomolecules in living organisms[2] 
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In a simple bioinorganic approach, the inner core of a metalloprotein (Scheme 1) can be 
described as a metal complex and the physical properties and reactivity is then discussed in terms 
of “established” parameters for the description of transition metal complexes: oxidation state of 
the metal, coordination number, coordination polyhedron and the specific role ligands can play 
(σ-donator, pi-acceptor etc.). The inner core is also referred as coenzyme and together with the 
apoenzyme it forms the holoenzyme, which is the main working metalloprotein.[3] 
Ligands for the coordination of metals in biological systems can be proteins (part of the 
apoenzyme), with amido-, amino-, amidato-, carbonyl- or carboxylate-functions located at the N 
or C termini of the peptide backbone; with amino-, amido-, imidazolyl-, imidazolate-, guanidine-, 
carbamate-, carboxylate-, carbonyl-, phenol-, phenolate-, hydroxyl-, hydroxylate-, thioether-, 
thiol-, thiolate- or disulfide functions located in the amino acid-side chains, or exogenic ligands. 
The latter group contains specifically designed multidentate (multifunctional) ligands as chlorins, 
corrins, porphyrins, pterins or ubiquitous small ions or molecules as I−, Cl−, CN−, H2O, PO43−, O2, 
N2, NO, α-ketoglutarate, etc.[1] Some metal / ligand combinations are superior to others, as can be 
predicted by the HSAB (hard and soft acids and bases) principle. This concept distinguishes 
between hard and soft Lewis acids and Lewis bases, while “hard” means small, highly charged 
and not polarisable ions or molecules, the term “soft” describes big and well polarisable ions and 
molecules with low charge.[4] Thermodynamically the combinations of soft acids and bases as 
well as hard acids with hard bases are stable. In the context of coordination chemistry the HSAB 
principle ascribes the preference of ligands with soft donor functions to soft metal ions and hard 
metal ions to ligands with hard donor functions. E.g. in metalloenzymes tyrosinate strongly 
favours FeIII, histidine coordinates to ZnII, CuII, CuI and FeII, methionine often coordinates to FeII, 
FeIII, CuI and CuII, while glutamate and aspartate prefer FeIII, MnIII, FeII, ZnII, MgII or CaII and 
finally cysteinate bonds relatively unselective to ZnII, CuII, CuI, FeIII, FeII, MoIV−VI and NiI−III.[3] 
Scheme 2 presents binding constants of divalent metal ions with biological relevance to typical 
ligands providing different donor sets: oxalate (O,O); glycine (N,O); ethylenediamine (N,N) and 
cysteine (N,S). Remarkably, all these ligands form the strongest bonds to Cu2+ ions. The 
differences in binding strength increase with increasing softness of the ligands (soft ligands are 
expected to fit best to Cu2+ ions). As a result copper complexes are the most stable divalent 
complexes found in bio-systems. 
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Scheme 2: Binding constants (log K) for some (biological) ligands with the divalent ions Mn2+, 
Fe2+, Co2+, Ni2+, Cu2+ and Zn2+[5] 
 
The role ligands play in metalloproteins is, of course, not limited to binding. Additionally, 
ligands can provide cooperative and allosteric interactions, they organise reactive sites in 
multicentre enzymes and realise electron transfer via superexchange pathways, they provide a 
hydrophobic environment with surface recognition sites, binding pockets for substrate binding 
and activation, they possess specific charge and hydrogen bonding sides and therefore assist in 
catalysis, they stabilise reactive (exogenous) ligands and finally induce a rack[6] or entatic[7-9] 
state around the metal ion.[1] The latter aspect is highly important for bioinorganic coordination 
chemistry. Entatic catalysis enables enzymes to activate small, symmetric molecules with high 
binding energy e.g. during N2-fixation, during reductive CH4 synthesis from CO2 and H2 and in 
3O2 metabolism at very moderate conditions (~298 K, 1 atm, pH~7). Especially the oxygen 
metabolism plays an important role for living systems. One aspect in this respect is the utilisation 
of energy included in dioxygen, another aspect is detoxification by removing superoxide and 
peroxides, which are strongly oxidising agents. Scheme 3 illustrates the step by step reduction of 
3O2 molecules. In the course of the oxygen metabolism the involved metal ions need to 
coordinate reliably to various different intermediate oxygen species. 
Dioxygen binding to low valent metal ions such as Fe2+ and Cu+ leads to activation of the 
kinetically inert O2 molecule. Cu+ is a pi-donor and therefore the Cu-dioxygen binding is 
stabilised.[5] Furthermore, oxygen activating metals need a redox potential similar to the redox 
potential of dioxygen. The redox potential of oxygen in water is −0.33 V vs. NHE at pH 7;[3] for 
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the sake of comparability the values are transferred to FeCp2/FeCp2+ (Ferrocen/Ferrocenium) 
where the potential lies at about E(O2/O2• −) = −0.07 V[11,12] which is realised very well by copper 
compounds. Therefore, copper containing enzymes are ideal suited for oxygen dependent 



























Scheme 3: Summary of reactions important for the dioxygen reduction, electrochemical 
potentials are given vs. NHE[10] 
Although iron and copper containing proteins both catalyse oxidation and oxygenation 
reactions due to similarities in their redox behaviour, there are important differences between the 
two metals:[3] 
(1) The CuI/CuII redox potentials generally lie higher than those of FeII/III; implying that 
the oxidised copper species are more stable than the oxidised iron species. Copper 
proteins, e.g. caeruloplasmin, catalyse the iron FeII/III oxidation and therefore helps in 
regulation of the iron metabolism. 
(2) In water (neutral pH or sea water) the oxidised copper species (CuII) is well soluble, 
while materials containing CuI are nearly insoluble.[32] In case of iron, the solubility of 
the reduced species (FeII) is higher. 
(3) During evolution copper became relevant lately (compared to iron);[5,33,34] thus iron is 
mainly found in intracellular media, while copper is abundant in extracellular media. 
(The displacement of iron and manganese in oxidising enzymes by copper presumably 
is due to the high binding strength of copper ions to biological ligands (Scheme 2), 
which minimises the danger of losing the metal ion during the catalytic reaction.)[5] 
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1.2 Copper containing enzymes 
 
Copper enzymes are involved in oxygen transport, activation as well as degradation of toxic 
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RCH2NH2 + O2

























RCH2NH3+ + O2 + H2O





Scheme 4: Most important copper containing enzymes and their reactions[36,37,38] 
 
Most copper enzymes belong to the classes of oxidases and oxigenases (Scheme 5). Oxidases 
reduce dioxygen to superoxide, peroxide or water, while oxygenases mediate the incorporation of 
dioxygen into organic substrates, either both oxygen atoms in one organic substrate 
(intramolecular dioxygenases) or into a substrate and an organic cofactor (intermolecular 
dioxygenases). Alternatively, one oxygen atom is transferred to the substrate while the second 
atom is reduced to water (monooxygenases). If an additional reductant is necessary, the 
monooxygenases are called external, if the substrate itself is the reductant they are called 
internal.[35] 








substrateO2 substrate-O    +    H2O mono-oxygenase (internal)
substrateO2 substrate-O2 di-oxygenase (internal)
substrateO2 substrate-O di-oxygenase (external)
cofactor
+   cofactor-O
substrateO2 substrate-O    +    H2O mono-oxygenase (external)reductant

Scheme 5: Classification of oxidases and oxygenases 
 
Internal oxygenation reactions require transfer (storage and controlled release) of more than 
one electron. Since only a single electron is supplied per copper atom, a higher number of 
electrons has to be achieved by combination of several redox centres (Scheme 4). 
Single electron transfer is the only reaction which can be catalysed by simple mononuclear 
copper enzymes. Examples of mononuclear enzymes (class I + II) are blue copper proteins 
(class I) such as azurin[39] or plastocyanin[40]. Their name is derived from their intense blue 
colour, which is a result of ligand to metal charge transfer (LMCT) from the cysteinate ligand (a 
thiolate, Scheme 6) to CuII.[41] The cysteinate ligand, as a typical non-innocent ligand[42], transfers 
electron density to the metal site. This causes extraordinary magnetic properties of the Cu2+ ion 
with small hyperfine splitting constants (AǀǀCu) in the EPR spectra.[43] Furthermore, the geometry 
of the copper atom is highly distorted tetrahedral, with angle deviations up to 22° from the ideal 
109°.[44] This geometry results in a destabilisation of the CuII state, which favours a square 
pyramidal geometry. From the electrochemical point of view this all leads to highly interesting 
enzyme properties, since the reduction potential of CuII in blue copper proteins lies between 















Scheme 6: Essential components of the copper site in “blue” copper proteins[36] 
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For the transfer of more than one electron, copper sites are coupled to one or more additional 
electron transfer sites. Such redox centres can be magnetically coupled via covalent metal−metal 
bonds (not present in biological systems) or by bridging ligands, e.g. dioxygen itself (class III). If 
several non-coupled copper ions are found, such as in dopamine-β-hydroxylase (DβH) and 
peptide-α-hydroxylating monooxigenase (PHM) (Scheme 4), they may be considered as “one 
copper atom species”.[37] The uncoupled metal sites are not bridged by organic molecules and the 
distance between two metal ions is larger than 7 Å, as verified by crystal structure analysis.[45,46] 
Nevertheless, the separated metal ions in DβH and PHM cooperate during the catalytic cycle. 
One copper ion, coordinating to a methionine residue (CuM), binds to the substrate while a 
hydrogen atom is eliminated from the substrate; the intermediate complex species is then reduced 
to a hydroperoxide species[47] by a single electron transfer from the second copper ion, which 
only bonds to histidine residues (CuH). It was postulated that either substrate molecules close the 































































Scheme 7: General mechanism of a four electron reduction found in multi-centre copper 
oxidases, Q = substrate[38] 
Katharina Butsch  1. Introduction 
8

The highest number of coupled copper sites can be found in so called “blue oxidases” in 
which a three atom cluster (class II + class III) connected to a fourth single copper ion (class I) 
exists. Such copper cluster can be found in laccase,[49] ceruloplasmin[50] and ascorbat-oxidase[51]. 
In general, they all use the four electron reduction of O2 to 2 H2O for substrate specific 
oxidation.[36] The separated copper ion (d > 13 Å) is responsible for a simple electron transfer 
from the substrate to the copper cluster, while the three copper ions in the cluster (separated by 
3.4 Å to 5.1 Å) mediate the O2 reduction.[52] Scheme 7 visualises different states of oxidation and 
the coordination of the copper ions during this reaction. 
Enzymes such as the “particular methane-monooxygenase” (pMMO), phenoxazinone-
synthase (PHS) or dihydrogeodin/sulochrin-oxidase (DHGO/SO) have not been fully 
characterised yet, but they are supposed to belong to the three-copper-atom cluster enzymes.[38] 
Alternatively to coupling of several copper sites with each other, a copper ion can be coupled 
with other metal ion (a rare combination). This is found e.g. in cytochrom-c-oxidase, in which an 
iron ion is coupled to the copper ion. Cytochrom-c-oxidase is located in the mitochondria 
membrane and catalyses, as part of the respiratory chain, the final (four electron) reduction of O2 
to two H2O.[53-55] The very complex enzyme contains thirteen subunits and three copper ions, two 
iron ions, one zinc ion and one magnesium ion.[56] One of the crucial sites of the cytochrom-c-
oxidase main unit is the copper-iron centre. It consists of a cytochrom heme iron part (in its high 
spin state) and a copper part with three histidine ligands (CuB). In the oxidised state, FeIII (S = 

) 
and CuII (S = 

) ions are anti-ferromagnetically coupled (total spin S = 2), in the reduced state a 
diamagnetic Cu+ ion exists in combination with a FeII high spin species (S = 0). Due to the even 
number of unpaired spins, the enzyme is predestined for a dioxygen binding.[3] 
FeII : CuIO2
FeIII : O22  : CuII FeIII : CuI
e    2 H+
e
FeOIV : CuII(OH2)






Scheme 8: Assumed catalytic cycle for the reaction of cytochrom-c-oxidase[2] 
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Both metal ions are separated by 4-5 Å[57,58] and it is likely that the dioxygen molecule binds 
to both metal ions. During the catalytic cycle (Scheme 8) a hydroperoxo-copperII species[52] is 
formed (not shown) and transformed to an oxoferrylIV species[59] upon protonation. 
Another copper containing bimetallic active site is abundant in the copper-zinc dependent 
superoxide-dismutase (Zn,Cu-SOD)[60,61] catalysing the dismutation (that is disproportionation) 
of the superoxide anion O2• − (2 O2• −  O22− + O2).[61] This reaction is part of the cell 
detoxification. Besides the copper-zinc SOD, iron and manganese containing SODs are known as 
well.[60,61,62] Due to the fact that the superoxide radical anion is highly reactive (and therefore 
toxic), an enzymatic activation of the substrate is not necessary, instead the challenge lies in 
stabilising the enzyme towards aggressive species[63,64] and to guarantee a fast substrate transport 
to the active site. The latter is realised by a channel in the protein scaffold containing hydrogen 
bridges.[36] The active centre contains the non-redox active ZnII and a copper ion bridged by 
histidine side chains, which are necessary for the substrate orientation.[60,65] The copper ion 
mediates two redox reactions via a covalent substrate bond, an oxidation is performed (O2• − to 
O2) if the copper ion is in its CuII state, or a reduction (O2• − to H2O2) if the ion is in its CuI 
state.[36,66] 
Another possible combination is a copper site coupled to an organic radical.[67] Scheme 4 
lists three important examples belonging to the class of radical copper enzymes, Scheme 9 
depicts the organic “cofactors”: amine oxidase[68] in which the copper ion is coupled to a so 
called TOPAquinone (TOPA = trioxyphenylalanine = 2,4,5-trihydroxyphenylalanine) radical, 
lysyl oxidase[69] which containes a quinine derived ligand radical and Galactose Oxidase[14] in 


















Scheme 9: Internal cofactors of amine oxidase and lysyl oxidase (left) and galactose oxidase 
(right) carrying a radical during the catalytic reaction 
Katharina Butsch  1. Introduction 
10

From the viewpoint of inorganic or coordination chemistry, the combination of a redox 
active metal ion with a non-innocent organic ligand in its radical state is highly interesting. In the 
following the properties of the enzyme Galactose Oxidase, the best understood copper radical 
enzyme with regard to biology (enzyme structure and mechanism) and bioinorganic chemistry 
(applicable model systems), are described in detail. 
 
 
1.3 The enzyme Galactose Oxidase 
 
Galactose Oxidase (GO, EC 1.1.3.9) is an extracellular monomeric enzyme (68 kDa) which 
was isolated first in 1959 from the fungus Polyporus circinatus (later re-determined as 
Cladobotrium (Dactylium) dendroides).[70] Due to the fact that this fungus is (parasitically) 
associated with plants, it was suggested that GO secretion occurs in order to decompose galactose 
containing (hemi)cellulose.[70b] GO catalyses the oxidation of terminal alcohols to aldehydes with 
H2O2 as a side product.[3,71] The main biological function and with it the enzyme’s substrate could 
not be determined yet, because GO is highly nonspecific. E.g. GO converts D-galactose, D-
raffinose, dihydroxyacetone,[72] benzyl alcohol and several of its meta- and para-substituted 
derivatives to the corresponding aldehydes.[73] Substrate diversity is untypical for enzyme 
catalysis. Normally enzymes are highly specialised and consequently committed to a single 
substrate. As a possible explanation it was suggested that the function of GO is rather the 
production of hydrogen peroxide than the oxidation of substrates.[74] However, GO exhibits high 
stereoselectivity (>95%) for abstraction of the pro-S hydrogen of oxidisable substrates, the 
substrate’s Cα apparently serves as a stereo selectivity determinant.[75] 
The catalytic cycle consists of two different reactions: the substrate oxidation (Equation 1) 
and the oxygen reduction (Equation 2), the latter reorganises the ground state of the enzyme.[76-78] 
These catalytic reactions require a two electron transfer and therefore the mononuclear copper 
site in GO needs to be supported by a second redox centre. In the case of GO this is a tyrosyl 
radical cation [Tyr]•+ (Scheme 4). The two electrons released from the substrate are transferred to 
the metal (CuII/CuI redox couple) as well as to the organic tyrosyl radical. 
RCH2OH → RCHO + 2e– + 2 H+       Eq. 1 
O2 + 2e– + 2H+ → H2O2       Eq. 2 
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The three dimensional structure of GO is known since 1991 when Ito et al. crystallised the 
protein with H2O in the assumed position of the substrate. The protein structure consists of three 
big β-structure domains and one α helix, which leads to high protein stability, so that GO remains 
active even in 6 M urea. The copper ion is located on the surface of the second largest domain, an 
antiparallel β sheet.[72] The oxidised form contains a Cu2+ ion, which is coordinated in a square 
pyramidal fashion. The amino acids Tyr 272 (O–Cu = 1.94 Å), His 496 (N–Cu = 2.11 Å) and His 
581 (N–Cu = 2.15 Å) form the pyramid’s base, while in the axial position a weakly bound 
(2.69 Å) tyrosinate residue (Tyr 495) is located. An exogenic ligand is incorporated into the 
coordination sphere and occupies the substrate binding site in vivo. This exogenous ligand is a 
water molecule at pH = 7 (O–Cu = 2.8 Å), while in acetate buffer solution (pH = 4.5) an acetato 
ligand (O−Cu = 2.3 Å) is coordinating to the copper ion. The coordination polyhedron is nearly 
perfect square pyramidal when bearing an acetato ligand, while the square base of the pyramid is 
distorted when the aqua complex is formed (Figure 1).[15] This distortion is part of the entatic 
state of GO[7,8] and the highest activity of GO is observed around pH = 7. 
 
Figure 1: Stereo view of the active centre of Galactose Oxidase (GO) from ref. [72] 
 
The tyrosyl radical cation [Tyr]•+ is located in the first coordination sphere and delocalised 
(via a thioether bond) into the second coordination sphere, thus it is called a secondary „built-in“ 
cofactor. The two tyrosyl ligands which are part of the copper coordination sphere are not 
chemically equivalent and the radical is exclusively located at the equatorial Tyr 272. 
A probable mechanism (Scheme 10) can be drawn based on numerous spectroscopic, 
catalytic and theoretical studies.[79]  
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Scheme 10: Enzyme structure[73] and energetic profile during the catalytic reaction[79] 
 
Scheme 10 shows that the overall catalytic cycle is exothermic by 11 kcal mol−1. The first 
reaction step is a proton transfer (PT) between the substrate and Tyr 495 (that serves as an 
internal base[80,81]), which proceeds isothermally and very fast.[82] The Tyr 495 dissociates from 
the copper ion and forms a hydrogen bond with the substrate-oxygen. This reaction step is 
exothermic by 3.2 kcal mol−1.[79] The decrease of the coordination number from five to four 
might facilitate the reduction of CuII to CuI and stabilise the reduced copper state.[72,83]  
The second step, a hydrogen atom transfer (HAT) to Tyr 272, occurs simultaneously with an 
electron transfer to the equatorial tyrosine.[79] Due to the fact that the active site of GO is EPR 
silent[72] the formation of the GO radical state cannot be observed by EPR measurements (EPR 
measurements might help to distinguish between an axial or an equatorial tyrosyl radical). The 
hydrogen atom transfer is closely linked or even concerted (in an ER2 mechanism) to a single 
electron transfer (SET). In case of a step by step reaction, the intermediate is a substrate derived 
ketyl radical, which has a remarkable potential difference to the enzyme site. This might be the 
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driving force for the complete oxidation process leading to the aldehyde product and a CuI site. 
Isotopic exchange reactions indicate that the hydrogen atom transfer is the rate-limiting step.[75] 
Finally a very exothermic electron transfer between substrate and cooper ion occurs and the 
aldehyde molecule is released from the enzyme.[79] 
After dissociation of Tyr 495 and product, CuI is coordinated by three ligands with trigonal 
planar symmetry (a T-shaped form is discussed alternatively).[47,72,79,82] Later on, this species 
takes part in the regeneration reaction. The re-oxidation of the copper atom might be supported 
by the coordination polyhedron: the square-pyramidal geometry is generally favoured for the CuII 
state.[82] The radical is more stable in the axial position if both tyrosine residues are 
deprotonated.[84-86] 
Over the whole catalytic reaction three different states of the GO enzyme can be defined by 
their different spectroscopic properties. Scheme 11 and Table 1 summarise the spectroscopic 
properties of the different GO states. 
[CuII - Tyr-] [CuII -Tyr-] [CuI - Tyr-]
green active blue inactive colourless






Scheme 11: Mechanistic scheme of the catalytic reaction and the regeneration reaction of GO[72] 
 
Table 1: Analytical properties of the three redox states of natural GO 
Properties Cu(II)Tyr• Cu(II)Tyr Cu(I)Tyr 
Colour green blue colourless 
absorption bands 445 nm (6436 Lmol
–1cm–1)[a]; 
810 nm (4133 Lmol–1cm–1)[b] 
314 nm, 365 nm, 422 nm, 
510 nm, 625 nm, 785 nm - 
Activity active inactive inactive[c] 
oxidation potential[d] - + 0.01 V[11,87,88] − 0.24 V[11,88] 
EPR silent (S = 0)[81][e] gǀǀ = 2.299; g⊥ = 2.073[70] silent (S = 0) 
[a] Assigned to LMCT, (pi−pi* transition) with the radical Tyr 272[89] 
[b] Assigned to LMCT due to charge resonance (IL) between Tyr 495 and Tyr 272[81] 
[c] Before regeneration; therefore sometimes described as active in H2O2 synthesis 
[d] Potentials vs. FeCp2/FeCp2+ 
[e] [Tyr]•+ in apo-GO: gǀǀ = 2.0073, g⊥ = 2.0017[81] 
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The radical which appears at Tyr 272 during the catalytic reaction is linked to the Trp 290 by 
a sulfur bridge formed by the Cys 228. This cystein residue binds covalently to the ortho-C-atom 
of Tyr 272.[15] The sulfur bridge is formed via a posttranslational self processing (splitting of the 
17 amino acid-prosequence located at the N-terminus and formation of the sulfur bridge). The 












































Scheme 12: Possible formation reactions for the thioether bond in GO[91,92]  
 
A number of studies have been performed to examine the thioether bond’s influence on the 
radical stability[89,93−100] but this still remains a controversial point. A first hypothesis (1997/1998) 
claimed that the sulfur bridge enlarges the aromatic system of Tyr 272 and therefore supports the 
generation and stabilisation of the free radical. Model systems showed that the thioether 
substituted tyrosyl radical is stabilised by approximately 540 mV in relation to an unsubstituted 
tyrosyl radical,[101,102] while EPR measurements show high electron density on the sulfur atom 
but not in the pi-system of the ligand.[89] These findings were in line with studies on model 
compounds bearing an enlarged pi-system which does not have any influence on the radical 
stabilisation.[103-105] The sulfur bridge also induces a conjugative effect which stabilises the 
negative charge of the tyrosinate ligand and leads to a lower pKa value.[89] Because of these and 
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other reasons, a mutation of Trp 290 destabilises the enzyme (1993/1994).[106-108] Other 
experimental trails on model compounds[109] and simulation of the catalytic activity[79] (2000) did 
not confirm any influence of the thioether bond. So it has been assumed that the stabilising effect 
of the thioether bond primarily is shielding of the free radical from the solvent.[71] Furthermore, it 
has been suggested that the true reason for the occurrence of pi-pi interactions mediated by the 
sulfur bridge is to maintain the cofactor orientations and to guarantee a diamagnetic ground state 
of the enzyme.[110] Investigations of Dooley et al. (2007) have shown that the sulfur bridge 
influences the radical stability as well as the kinetic parameters and the binding affinity of some 
substrates e.g. D-galactose.[111] Recent investigations of Pedulli et al. (2008) showed that there 
are two different configurations of the thioether bond, an “in-plane” and an “out-of-plane“ 



























Scheme 13: Different thioether configurations calculated for ortho-(Methylthio)tyrosine, R = 
CH2CH(NH2)COOH[112] 
 
Both configurations can be transformed into each other by rotation of the −SR group. The “out-
of-plane” configuration promotes the oxidation reaction by supporting the proton transfer from 
the substrate to the Tyr 272, while the coplanar state destabilises the phenolic OH-bond. Pedulli 
et al. even assign the 10000 times lowered catalytic efficiency of model compounds to this 
conformation depending proton transfer properties of the wild type enzyme and propose that the 
switching of the −SR bond might not be reproducible in model systems.[112] 
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1.4 Model systems for Galactose Oxidase 
 
Generally, models for metalloenzymes can be subdivided into two groups: the structural 
models, which shall depict the enzyme structure as exactly as possible, and the functional 
models, which possess the same catalytic properties as the enzyme. Since the 1990s great efforts 
have been made to synthesise model systems for GO. The well disclosed but extraordinary 
structure of GO and the urge to understand its catalytic mechanism in vivo has been the 
motivation for the synthesis and investigation of a number of structural models.[113-116] The 
intention to find the catalytically relevant structure elements of native GO and the motivation to 
improve the model compounds applicability in organic synthesis (in line with the criteria of 
“green chemistry“) resulted in a larger number of functional models. Functional GO models are 
highly interesting regarding the catalysed reaction: the selective oxidation of alcohols to 
aldehydes at the same time preventing the formation of carboxylic acids as side products. 
In synthetic organic chemistry various strategies have been developed to achieve selective 
alcohol oxidation. Oxidising agents like sodium dichromate in sulphuric acid are used in 
stoichiometric amounts (Jones Reaction).[117a] But as a downside, the reactions performed in 
aqueous medium lead to the formation of the corresponding acids via formation of the hydrates as 
reaction intermediates. A variation of the Jones Reagent is pyridine chlorochromate (PCC, called 
Corey’s Reagent)[117b] which is used in CH2Cl2 solution. A different reaction strategy is to 
perform a Swern Oxidation with DMSO (SIV) and oxalylchloride[118]. Oxidising agents that can 
be used in substoichiometric amounts are ruthenium compounds e.g. the Ley-Griffith Reagent 
(tetrapropylammonium perruthenate (TRAP) and N-methylmorpholine N-oxide (NMO)[119]. 
Within this reaction the RuIV species is oxidised to RuVI as the active species) or the Dess-Martin 
periodinane (the active species contains IV).[120] None of these reactions can be called “green”. 
Green (or sustainable) chemistry means a minimal use of energy and minimal production or use 
of hazardous compounds, which shall be realised by achieving maximal efficiency of reactions 
with few or no side products.[121] A GO comparable reaction strategy is an oxidation using air 
oxygen and catalytic amounts of Pd(OAc)2 / DMSO[122] but this is a quite expensive method. So a 
copper catalysed (copper enzyme mimicking) oxidation strategy using air oxygen as the oxidising 
agent is still sought for. Furthermore, selective alcohol oxidation is not only important to 
laboratory chemists, but also concerns industrial chemistry, which is proven by the high number 
of patents in this field.[123] 
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Plenty of studies on functional GO model systems including diverse ligand types are 
provided in literature. In the following the five main groups of ligands are described (Scheme 14) 
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Scheme 14: Ligands used for GO model systems: 1) tripodal N-donor-ligands[124−131], 2) 1,4,7-
triacacyclononan (TACN) based ligands[100,132−136], 3) salen type ligands[84,137−140] 4) thio- / 
iminosemiquinone ligands[141−143] 5) o-iminobenzosemiquinone ligands[144−149] 
 
As expected, the use of tripodal and TACN-based ligands leads to η5 (distorted) square 
pyramidal coordination, while the salen type ligands are η4 coordinated and form square planar or 
tetrahedral copper complexes. The semiquinone ligands, which coordinate η3 or η2 respectively, 
are not able to predetermine the coordination polyhedra and the coordination sphere depends on 
the coligands.  
Due to the fact that copper complexes containing hard donor sites (like oxygen atoms) are 
often binuclear (e.g. bridging by anionic oxido functions like deprotonated acid or alcohol 
groups), synthetic strategies (ligand design) have to be developed to protect the metal ions from 
dimerisation.[71,142,147] Ligand types like tripodal ligands or (semi)quinone-ligands are usually not 
as bulky as salen type ligands or TACN-based ligands, so that the former undergo dimerisation 
more often than the latter.[71] 
Several GO model systems were successfully applied in catalytic oxidation reactions. 
Table 2 summarises some important catalysts and the reaction conditions. 
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Table 2: Different GO model systems and their efficiency in catalytic test reactions 
catalyst[a] substrate external base solvent/ 
atmosphere 











ligand[b] (3) benzyl alcohol - CH2Cl2 / air 293 / 1 20-75% 137 
tosylamine 





2 MeCN:1 H2O 
/ air 
298 / 





ethanol NEt3 THF / air 
293 / 
20 55 % 141 
semiquinonate 
* (4) alcohols NEt3 CH2Cl2 / Ar 
294 / 
45 > 95% 139 
N2O2[152] [b] benzyl alcohol nBu4NOMe CH2Cl2 / air 298 / − 70% 138 
[a] Catalysts can be isolated before application (*) or can be formed in situ; for identifying the different ligand types 
(Scheme 14) 
[b] The complex was previously isolated as radical species 
[c] 2-(2-tosylaminoethylimino)methyl)-4,6-ditertbutylphenol fixed on Merrifield resin 
[d] TEMPO = 2,2,6,6-tetramethylpiperidinyl-1-oxy 
 
From these examples some general conclusions concerning the requirements of a GO model 
system can be drawn: the great diversity of applied ligands implicates that neither the exact 
coordination geometry nor the donor set is limiting the pool of catalysts. Furthermore, all 
catalysts need an external base for substrate deprotonation (the salen type copper complex of 
Stack et al.[137] precisely is not a catalyst, since it is applied in stoichiometric amounts), finally it 
can be concluded that all reported catalysts are far less effective than the natural enzyme 
(especially regarding lifetime and TON). 
Nevertheless the catalytic systems are not equivalent: ligands which possess a N2O2 donor 
set recently turned out to be favourable because of their superior properties for the phenoxyl 
radical generation. Two main strategies can be found for the radical generation. A widely used 
method is to start the catalytic cycle using a CuI compound and generating the active species by 
exposure of the CuI compound to O2. Another way is to take advantage of a disproportion 
reaction described as a coligand effect that follows Equation 3:[130,153] 
Katharina Butsch  1. Introduction 
19

2 CuII−O  CuII−O• + CuI               Eq. 3 
 
This effect was previously observed for the tripodal ligand N-(2-pyridylmethyl)-N-(2’’-hydroxy-
3’,5’-ditertbutylbenzyl)-N-(2’’-hydroxy-3’’-methylthio-5’’-methylbenzyl)amine which was 
dissolved in MeCN and reacted with Cu(ClO4)2[153] or Cu(OTf)2 in the presence of NEt3[130]. In 
case the ligand system has a N2O2 donor set the disproportionation reaction equilibrium was 
found to be on the phenoxyl radical (right). If a ligand with a N3O donor set is used, only a very 
small amount of the copper phenoxyl radical species can be detected.[71,130] An explanation for 
this difference in phenolate ligand reactivity towards copper could not be given yet. If a radical 
generating disproportion reaction is impossible (since there are no phenolate moieties) the 
formation of CuIII complex species is observed.[154] 
When the phenoxyl radical is finally generated, it needs to be stabilised by the ligand 
scaffold of a model complex. Since bioinorganic chemistry is highly focussed on that aspect of 
ligand design, the radical stabilisation will be discussed detailed in the following chapter. 
 
 
1.5 Phenoxyl radicals and their stabilisation 
 
Tyrosyl radicals can be found in different stable (i.e. detectable) cofactors of 
metalloenzymes:[67] in ribonucleotide reductase R2,[155] in photo system II,[156] in prostaglandin 
synthase[157] and cytochrome c peroxidase.[158] In other metalloenzymes the radical bearing 
tyrosyl residue is covalently modified as, for example, in amine oxidase[68] which includes a 
TOPA-quinone (TOPA = trioxyphenylalanine = 2,4,5-trihydroxyphenylalanine) involved in 

















Scheme 15: Copper complex containing a pi−pi stabilised phenoxyl radical[103,159,160] 
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The tyrosylate/tyrosyl analogue found in nearly all GO model complexes is the 
phenolate/phenoxyl redox couple. The problem of stabilising the phenoxyl part of the redox 
couple was in the focus of a number of studies on GO modelling. Some approaches were made 
for mimicking the pi-pi interactions found in GO (Scheme 15).[103−105,159,160] In this model 
compounds the pi-pi interactions did not seem to influence the chemical reactivity of the 
phenolate / phenoxyl oxidation potential. Another approach was to mimic the covalent thioether 
modification:[112,161−164] While a model complex published in 1998 by Wieghardt et al. shows 
catalytic activity in oxidation catalysis[163] a detailed study on thioether derivatives of this and 
other established functional GO model compounds revealed no catalytic activity of the thioether 
complexes.[162,164] 
The vast majority of functional GO model complexes possess ortho (C3) and para (C5) 
substituted phenoxyl moieties, in most cases tertbutyl groups (1.4). Such (bulky) groups are 
known to stabilise aromatic radicals thermodynamically and kinetically.[165,166] Some less 
frequent alternatives for stabilising substituents are −Me, −isoPr, −NO2, −OMe, −SMe, −SPh, 
−SisoPr, and –F.[71] Nevertheless, in some studies on tripodal ligands with mixed substituents 
(tertbutyl- combined with a methylthioether-group[167,168] or tertbutyl with nitro- and methoxy-
groups[169]) the compounds reveal reactivities similar to the 2,4-di-tertbutyl-substituted 
derivatives.[137] 
Only a few investigations have been carried out so far focussing on the influence of 
substituent variation: One comparative study, carried out on tripodal ligands, revealed that 
oxidation potentials and chemical stability of the copper phenoxyl complexes strongly correlate 
to the Hammet-parameter of the substituent located in para position to the hydroxyl function in 
the phenol ring (the higher the electron-donating capacity of the substituent the more stable the 
resulting phenoxyl radical).[115] Another important study was performed by Stack et al. who 
compared different salen type ligands bearing −SPh or −SisoPr groups as well as partly 
unprotected (either C3 or C5 bear protons) or fully unprotected (C3 and C5 bear protons) 
phenolate ligands.[84] The resulting copper complexes show high phenoxyl oxidation potentials 
(0.8 V - 1.0 V), EPR active copper phenoxyl species and low catalytic capacity (turn over number 
between 0 and 9). Importantly, these findings do not imply that non-stabilised phenoxyl radicals 
are useless as GO mimicking oxidation catalysts. As an example, a well working non stabilised 
copper phenoxyl complex was presented in 2006 by McGrady et al.[170] These results reflect the 
dilemma between radical stabilisation and reactivity - a well stabilised radical contains less 
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energy and is therefore less reactive as a simple non-stabilised one. On the other hand a non-
stabilised radical possesses a very short life time and is therefore difficult to detect. In the 
following some important aspects on radical stabilisation are summarised:  
 
- The most common and most effective way is to use a pi-system for resonance stabilisation by 
delocalisation of the unpaired spin (Scheme 16, A). The stabilisation occurs by a three centre 
three electron interaction, for which the allyl radical is the simplest example. Further 
substitution of the pi-system by heteroatom-groups has a destabilising effect on the 
radical.[171] 
- The radical stabilisation by alkyl substitution (Scheme 16, B) is based on a similar 
mechanism, overlapping orbitals are composed by combination of two C−H bonds. 
Interestingly, an increasing size of the attached alkyl group does not necessarily lead to 
enhanced stabilisation.[171] 
- A radical stabilising effect can also be achieved by a two centre three electron interaction of 
a radical with an adjacent lone pair (Scheme 16, C). In this case the interaction becomes 



















Scheme 16: Orbital interaction diagrams for the different radical stabilisation methods[171] 
 
- Substitution in β-position of the radical is mainly inductive and electronegative substituents 
uniformly destabilise the radical.[171] 
- Furthermore the stabilisation of a radical is a cumulative effect if several substituents were 
precent, sometimes also described as a “saturation effect”,[172] which is valid for simple alkyl 
radicals as well as for resonance stabilised radicals.[173] 
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- A special case are the so called “captodative” stabilised radicals, which contain one electron 
donating and one electron withdrawing substituent.[172,174−177] The most prominent examples 
for this type of radicals are derived from amino acid and peptides such as the glycine-2-yl 
radical.[174,178,179] 
 
All these aspects of radical stabilisation have to be considered as requirements of a catalytic 
oxidation. A “dogmatic” attitude towards designed GO mimicking model systems is that the 
radical species need to provide the following skills: The phenoxyl radical has to be generated 
from a deprotonated phenol moiety, which should contain stabilising groups in ortho and para 
position to the hydroxy function, most favourable are tertbutyl groups. Furthermore the ligand has 
to contain strongly binding donor functions which stabilise the copper−ligand bond during the 
reaction and provide a distorted coordination geometry around the copper ion to destabilise the 
CuII state. At last the phenolate / phenoxyl part of the ligand has to be positioned within a 
Cu−O−C bond angle of about 130° and a dihedral angle of about 90° to guarantee the coupling 
of the unpaired copper centred electron with the single electron from the phenoxyl part. 
 
 
1.6 Motivation of this thesis 
 
The general aim of this thesis is the fundamental investigation of the structural requirements 
enabling phenoxyl copper complexes to perform a GO type of electrochemistry and thus 
catalysis. The challenge is rather to understand the origin of oxidative properties than to 
synthesise new “second generation” catalysts by optimisation of known copper complex systems. 
To this end copper complexes of various phenoxy ligands have been synthesised, analysed and 
thoroughly characterised, focussing on the complex structures, their electrochemical properties 
and their catalytic behaviour in alcohol oxidation reactions. Since the crucial species in the 
assumed catalytic oxidation reactions are phenoxyl radicals, special emphasis was put on the 
detection of such radicals and to analyse the impact of structural motives (variation of the 
phenoxyl ligands and the coligands) on their stability. Spectroelectrochemistry (thin-layer 
electrolysis coupled to detection of spectroscopic changes[180]), which allows to generate and 
study copper phenoxyl species in situ, is extremely well suited for this purpose. From the various 
spectroscopic methods which can be used for spectroelectrochemistry UV/vis/NIR absorption 
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spectroscopy is ideal to analyse phenoxyl radicals.  
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Scheme 17: Overview over the ligands designed for copper phenoxyl complexes; ligands A cf. 
Chapter 2; B cf. Chapter 3; C cf. Chapter 4; D cf. Chapter 5 and E cf. Chapter 6. 
 
− Variation of the donor set from two (N,O and O,O; B-1, B-2, B-3, D) to three (O,N,O and 
O,O’,N; A-1, A-2, E) and four (N2O2; C) donor atoms 
− Varying stabilisation of the phenoxyl units: assorted from non-stabilised phenols (all H 
atoms; A-1, A-2, C, E) to partly stabilised phenols (ortho-I; meta-OMe; para-isoPr; A-1, A-
2, ortho-Ph C) and fully stabilised phenols (substituents ortho and para: F, Ph; tertBu; C, D) 
and aromatically stabilised (phenol: C, A-1, A-2; phenalenone: B-1; benzo-quinoline: B-2 
acridine: B-3) 
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− Contribution of the N-donor to the redox chemistry using aromatic (e.g. pyridine, acridine; 
A-1, A-2, B-2, B-3, E), heterocyclic (e.g. triazol; D), imine (C), tert-amine(C), sec-
amine(C) functions 
− Influence of (de)protonation abilities of the ligands: possessing proton transfer skills 
(phenol-ligands; A-2, B-1, B-2, B-3, C, D, E) and lacking proton transfer skills (phenol-
esters (A-1) or phenol-ethers (A-2, B-3, C)) 
 
The starting point of the investigation is the class of tridentate ligands of the so called pincer 
type (A). Following the more general definition, pincer ligands possess a central (heterocyclic) 
arene system and additional donor groups in ortho position providing a tridentate and “pincer” 
like coordination.[181] Copper complexes of pincer type ligands (Scheme 18) have been 
synthesised recently and showed effective binding of copper to the central pyridine N atom and 
variable structural motives including square pyramidal and octahedral distorted coordination 




















Scheme 18: Overview on the developed and analysed oxido-pincer ligands[182-184] 
 
Transformation of the donor set, such as rearrangement (O,O’,N; E instead of O,N,O; A), 
addition of a fourth donor function (N2O2 ligands; C) or diminishing the number of donor atoms 
in combination with altering the arene type (O,N-triazole; D) is the motivation for  most of the 
new ligands. Furthermore, ligands with extended aromatic scaffolds (phenalene B-1, phenanthren 
B-2 and anthracen B-3) will be used. They have been chosen with regard to their different 
anellation state.  
From all ligands homo- and heteroleptic copper complexes were prepared and characterised. 
Selected ligands were further coordinated to other 3d transition metal ions such as Fe2+, Fe3+, 
Co2+, Ni2+ and Zn2+. These complexes were synthesised and analysed with the objective of a 
better understanding of the copper analogues. 
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2.0 O,N,O-pincer complexes 
 
2.1 Derivatives of Pyridine-2,6-dicarboxylic acid (pydicH2) as O,N,O-pincer 




Pyridine-2,6-dicarboxylic esters are interesting oxido pincer ligands with an O,N,O donor 
set. They are structurally related to the O,N,O pincer ligands based on pyridine-2,6-dimethanol as 





R = H      pydicOPh













R, R' = H                      pydimH2
R, R' = CH3                       pydipH2






Scheme 19: General structure of the pyridine-2,6-dicarboxylic ester ligands used in this study 
 
Deprotonated pydic2− normally coordinates in a tridentate mode, using the N donor atom and 
the two O− donor functions (Scheme 20, I). Complexes are known for hard metal ions like 
lanthanides[186-189], early transition metals such as V3+ [190] and V5+ [191,192] but also for (medium) 
soft metal ions such as Fe2+[193], Fe3+[194], Ru2+[195-197], Co2+[198], Ni2+[198,199], Cu2+[198,200], Zn2+[198], 
Pd2+[201] and Pt2+[201-203]. In Mn2+ containing polymeric networks a tetradentate coordination with 
one bridging carboxylate function (Scheme 20, II) has been observed,[204] a similar structure 
motive has been found for Ce4+.[198] Structures with a µ-oxido bridge between two metal centres 

























Scheme 20: Binding modes of pydic2− 
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Various pydic complexes have been utilised in catalysis. Especially ruthenium complexes, 
bearing terpyridine coligands are used in catalytic oxidation processes such as alkene 
epoxidation,[206-211] or selective alcohol oxidation[212,213] (the latter performed with benzyl 
alcohol). In contrast to Galactose Oxidase (GO), which performs alcohol oxidation via a 
phenoxyl radical species (Chapter 1), the ruthenium pydic catalysts are used in combination with 
H2O2 as external oxidising agent, applied in stoichiometric amounts or excess. Thus, this catalyst 
just mediates the H2O2 depending alcohol oxidation and the reaction is clearly GO unlike. 
Alkyl- or arylester derivatives of pydicH2 have been used as ligands as well (Scheme 19) e.g. 
dimethyl ester (pydicOMe)[214], diethyl ester (pydicOEt)[215,216-218], the diisopropyl ester 
(pydicOiPr)[215], the dinbutyl ester (pydicOnBu)[218] and the diphenyl ester (pydicOPh)[219] and 
several asymmetric esters[216,217,220,221]. In contrast to the pydic2− ligand which contains four 
equivalent, negatively charged oxygen atoms for coordination, the pydic carboxylic esters 
provide two sets of different oxygen atoms. They allow the formation of three different isomers 
Ocarbonyl−M−Ocarbonyl (CC isomer), Ocarbonyl−M−Oalkoxy (CA isomer) and Oalkoxy−M−Oalkoxy (AA 
isomer). The three isomers have already been observed in metal complexes.[CC: 215, CA: 215, AA: 
222,223]
 The AA isomers are strongly disfavoured, due to steric and electronic effects. The 
carbonyl oxygen donor offers pi orbitals for metal ion coordination and forms stronger bonds than 
the alkoxy or aryloxy oxygen donor. The two known AA isomeric complexes are organometallic 
species, a Rh1+ complex and a Fe2+ complex.[222,223] With regard to copper, there are only a few 
examples for the formation of CA isomers[215,224] beside the normally formed CC isomers. 
In this thesis some copper complexes containing the pydic carboxylic ester ligands 
pydicOMe, pydicOPh and pydicOIPh should be synthesised. These complexes are expected to 
exist in the CC isomeric forms, hence generation of phenoxyl radicals in the ligand should not 
lead to spin coupling between radical site and copper ion. Thus pydic aryloxyester complexes  are 
suitable to investigate physical and catalytic properties of systems containing two independent 
redox centres. 
 
2.1.2 Synthesis of pydicH2 ester ligands and their copper complexes 
 
Two different reaction strategies were used to synthesise copper complexes (Scheme 21). 
The first route is known in the literature[215] and consists of two subsequent steps, a ligand 
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synthesis and isolation followed by a complex formation reaction (1). The second route is a one-
pot synthesis using pyridine-2,6-dicarboxylic acid dichloride (pydicCl2) a copper source and the 
corresponding alcohol (methanol or phenol) to form the ligand in the presence of the coordinating 

































Scheme 21: Two reaction strategies to synthesise copper complexes of pydic ester ligands 
 
The ligand synthesis (1) was performed using ortho-iodo phenol and pydicCl2 in a DMAP 
(dimethyl 4-aminopyridine) catalysed ester condensation using catalytic amounts of NEt3.  
The resulting pydicOIPh ligand (obtained in 82% yield and characterised by 13C and 1H 
NMR and elemental analysis) was crystallised from acetone by slow evaporation to give single 
crystals suitable for XRD. The structure was resolved in the orthorhombic space group Pbca. The 
molecular structure depicted in Figure 2 shows the ligand providing a binding pocket for the 
formation of CC isomeric complexes. The planes of both phenol rings are tilted away from the 
pyridine ring (61° and 64°) one iodo substituent is located above the pyridine ring plane, while 
the other resides beneath this plane. The two carbonyl functions are slightly tilted from the 
pyridine plane, each pointing in the same direction as the iodo substituent of the corresponding 
phenol ring. The ligand´s conformation might result from packing effects in the crystal leading to 
the formation of pi−pi* stacked dimers (Figure 2). Additionally, the iodo substituents of the 
molecules forming a dimer are pointing towards each other with an I...I distance of 4.350(1) Å, 
while relevant H bridges are missing in the crystal structure. 





Figure 2: ORTEP representation (50% probability level) of the molecular structure of pydicOIPh 
(bis(2-iodophenyl) pyridine-2,6-dicarboxylate) (left); packing along the a axis of pydicOIPh in 
the crystal (right); H atoms were omitted for clarity 
 
Complex formation using pydicOIPh was performed in methanol at 298 K using anhydrous 
CuCl2. The obtained product was a brown powder (67% yield), which was analysed to be 
[(pydicOIPh)CuCl2]. The complex was characterised by elemental analysis, EPR spectroscopy, 
absorption spectroscopy, electrochemical and spectroelectrochemical measurements.  
 
The alternative reaction strategy is a concerted in situ formation of ligand and complex 
(Scheme 21, synthesis 2). Starting materials of the ligand (DMAP, NEt3, pydicCl2 and the 
corresponding alcohol) were mixed with Cu(OAc)2 or CuCl2 respectively and reacted for 16 h at 
298 K. First experiments were performed using all starting materials as purchased (and therefore 
containing small amounts of water). Both reactions, starting from Cu(OAc)2 and from CuCl2, 
lead to the formation of blue-green crystals, hence both compounds were clearly analysed by 
XRD as well as by elemental analysis. The product of the reaction using Cu(OAc)2 was found to 
be [(pydic)Cu(OH2)2]n, while the reaction using CuCl2 yielded [Cu(OH2)6][(Cu(pydic)µ-Cl)2]. 
Both compounds result from the hydrolysis of pydicCl2 to pydic2− in the presence of water while 
no ester was formed. The reaction yields were rather low (12 and 24%).  
Figure 3 shows the polymeric chain and the mononuclear unit of the complex 
[(pydic)Cu(OH2)2]n; the crystal structure (monoclinic P21/c) has been reported before[225] thus 
will not be described here. 




Figure 3: ORTEP-representation (50% probability level) of the crystal structure of [(pydic)Cu(OH2)2]n 
(left) and representation of a monomeric unit inside the polymeric chain (right), H atoms are omitted for 
clarity[225] 
 
When using CuCl2 and pydicCl2 in a 1:1 stoichiometry, a complex salt of the general formula 
[Cu(OH2)6][(Cu(pydic)µ-Cl)2] was formed and crystallised from methanol solution. XRD 
revealed a crystal structure, which was solved and refined in the triclinic space group P¯1. The 
structure as shown in Figure 4 (data in Table 3) will be briefly discussed. The complex cation 
[Cu(OH2)6]2+ is a Jahn-Teller elongated octahedron (Cu2−O5 = 1.986(1) Å; Cu2−O6 = 
1.964(1) Å and Cu2−O11 = 2.561(1) Å), in line with previous reports on related compounds.[226] 
The H atoms of [Cu(OH2)6]2+ were not found during the crystal structure refinement. 
Nevertheless, due to the observed counter ion [Cu(OH2)6]2+, the deprotonation of pydicH2 in the 
complex is obvious. 
The complex anion, a binuclear µ-chlorido bridged complex, shows a distorted square 
pyramidal geometry around each copper atom. With a short equatorial bond 
Cu−Cleq = 2.212(1) Å and a long axial bond Cu−Clax = 2.695(1) Å, while the Cu−N bond is 
rather short (1.927(4) Å). Both pydic2− ligands are completely coplanar which is obvious from 
the symmetry in the binuclear complex cation. (For further angles and distances see Appendix.) 
The formation of the compound [Cu(OH2)6][(Cu(pydic)µ-Cl)2] was unexpected, due to the 
different stoichiometries of starting materials (ligand to copper ratio 1:1 and copper to chloride 
ratio 1:2) and product (ligand to copper ratio 2:3 and copper to chloride ratio 3:2). The formation 
of the µ-Cl-bridged dimer might be due to the chosen reaction conditions (polar, aqueous 
methanol solution) favouring the formation of the [Cu(OH2)6]2+ counter ion, or charged species in 
general, while the chloride ligands might be released as HCl, which is removed from the reaction 
mixture either by acid base chemistry (reaction medium was basic) or by evaporation of gaseous 
HCl. 




Figure 4: ORTEP representation (50% probability level) of molecular structure of 
[Cu(OH2)6][(Cu(pydic)µ-Cl)2], H atoms were omitted for clarity 
 
In a second attempt, the one-pot synthesis was performed using freshly distilled starting 
materials and anhydrous CuCl2. The reaction using methanol as solvent was performed at 298 K 
and yielded a green-yellow crystalline powder after 16 h reaction time, which was isolated by 
evaporation of the solvent. The reaction using phenol as solvent had to be performed at 339 K to 
melt the phenol. The excess phenol was removed from the reaction mixture by stirring at 358 K 
for 96 h. During this time the phenol solidified in the upper part of the round bottom flask and 
left behind a brownish oil. The oil was transferred to another flask and cooled to room 
temperature on which it solidified as microcrystalline green-brown powder. 
The compound obtained from the reaction with methanol was analysed by elemental 
analysis, recrystallysed from methanol yielding single crystals suitable for XRD and showed to 
be (HNEt3)[(pydicOMe)CuCl3]. The compound isolated from the reaction with phenol revealed 
(HNEt3)[(pydicOPh)CuCl3]. This proves that under water free conditions in situ formation of a 
pydic alkyloxy or aryloxy ligand and coordination to a copper ion (one-pot) is possible. Yields of 
both reactions are moderate (32% and 54%) and similar to the overall yield of reaction strategy 1 
(Scheme 21) which was 55% for [(pydicOIPh)CuCl2]. 
Crystal structure solution and refinement of (HNEt3)[(pydicOMe)CuCl3] were carried out in 
the triclinic space group P¯1, the molecular structure is depicted in Figure 5, Table 3 summarises 
the refinement parameters. In the crystal structure of (HNEt3)[(pydicOMe)CuCl3] the copper ion 
is coordinated in distorted octahedral shape, exclusively carbonyl oxygen atoms of the O,N,O-
ester ligand bind to the copper ion (CC isomer). The axial Cu−Cl bonds are 2.305(1) Å and 
2.306(1) Å long (with Cl1−Cu−Cl3 = 172.87(2)°), while the equatorial Cu−Cl2 bond is shorter 
(2.255(1) Å). The two Cu−O bonds Cu−O2 = 2.552(1) Å and Cu−O4 = 2.504(1) Å are non-
equivalent and rather long, the Cu−N bond lies within the typical range (2.065(1) Å).[183] Two 
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hydrogen bridges are formed between the triethyl ammonium ion and two chlorido ligands of the 
complex anion (H22...Cl1 = 2.702(1) Å and H22...Cl2 = 2.474(1) Å Cl1...H22...Cl2 = 78.64(1)°). 
 
Figure 5: ORTEP representation (50% probability level) of the molecular structure of 
(HNEt3)[(pydicOMe)CuCl3], H atoms are omitted for clarity. 
 
Table 3. Crystal structure and refinement data of copper complexes and the ligand pydicOIPh 
  [Cu(OH2)6][(Cu(pydic)µ-Cl)2] (HNEt3)[(pydicOMe2)CuCl3] pydicOIPh 
formula C14H18Cl2Cu3N2O14 C15H25N2O4Cl3Cu C19H11I2NO4 
f. w. /g mol–1 671.73 467.26 571.09 
crystale shape needle plate block 
colour turquoise green-brown colourless 
crystal system triclinic triclinic orthorhombic 
space group P¯1 (No. 2) P¯1 (No. 2) Pbca (No. 61) 
a /Å 8.185(3) 7.706(5) 13.520(5) 
b /Å 9.500(3) 10.274(5) 14.455(5) 
c /Å 9.682(2) 13.666(5) 19.496(5) 
α /° 69.01(3) 93.846(5) 90 
β /° 66.97(3) 92.271(5) 90 
γ /° 89.04(4) 107.216(5) 90 
volume /Å3, Z 640.2(3), 1 1029(9), 2 3810(2), 8 
F(000) 329 482 2160 
density / g cm−1 1.742 1.508 1.991 
abs. coeff / mm−1 2.737 1.471 3.325 
refl. coll. 7673 12430 34795 
data / restr. / param. 2846 / 0 / 160 4602 / 0 / 235 4654 / 0 / 235 
h, k, l, −10 < h < 10 −9 < h < 10 −17 < h < 17 
 −12 < k < 12 −13< k < 13 −19 < k < 19 
 −12 < l < 12 −18 < l < 18 −25 < l < 25 
goof on F2 0.902 0.675 0.856 
Rint 0.0594 0.1262 0.0939 
final R indices R1 = 0.0533 R1 = 0.0397 R1 = 0.0338 
[I>2σ(I)] wR2 = 0.1322 wR2 = 0.0544 wR2 = 0.0431 
R indices (all data) R1 = 0.0937 R1 = 0.1468 R1 = 0.1284 
 wR2 = 0.1499 wR2 = 0.0720 wR2 = 0.0514 
largest diff. 1.710 and −1.147 0.361 and −0.313 0.577 and −0.568 
p. a. h. /e Å–3    
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All copper complexes were further characterised by EPR spectroscopy, cyclic voltammetry, 
absorption spectroscopy and with spectroelectrochemical methods. 
 
 
2.1.3 EPR spectroscopy 
 
EPR spectroscopy is a very specific and perfectly suited method to investigate CuII 
complexes in the solid state and in solution. This is due to the high abundance of the two copper 
nuclei 63Cu (69.17%) and 65Cu (30.83%), both having a nuclear spin of I = 3/2.[227] The coupling 
of the spin of the unpaired electron in the CuII d9 system to the nuclear spin of CuII and other 
atoms is an excellent measure for the electron density distribution between the metal and the 
ligand(s).[227,228] The shape (symmetry) of the anisotropic spectra (crystalline, amorphous, glassy 
frozen solution, protein samples) gives additional information on the local geometry around the 
copper ion (coordination polyhedron). Therefore the complexes [(pydic)Cu(OH2)2]n, 
[Cu(OH2)6][(Cu(pydic)µ-Cl)2], [(pydicOIPh)CuCl2], (HNEt3)[(pydicOMe)CuCl3] and 
(HNEt3)[(pydicOPh)CuCl3] were analysed by EPR spectroscopy in the solid state 
(HNEt3)[(pydicOMe)CuCl3] and (HNEt3)[(pydicOPh)CuCl3] were additionally measured in 
acetone solution. Table 4 summarises the EPR data and selected spectra are shown in Figure 6. 
 
Table 4: X-band EPR data of the phenoxido-pincer copper complexes[a] 
compound gav g|| g⊥ ∆g state 
[(pydic)Cu(OH2)2]n 2.151 2.217 2.118 0.099 solid 
[Cu(OH2)6][(Cu(pydic)µ-Cl)2] 2.150 2.291 2.080 0.211 solid 
[(pydicOIPh)CuCl2] 2.150 2.260 2.095 0.165 solid 
[(pydicOIPh)CuCl2] 2.114 2.177 2.082 0.095 acetone 
(HNEt3)[(pydicOMe)CuCl3] 2.102 2.189 2.059 0.130 solid 
(HNEt3)[(pydicOMe)CuCl3] 2.124 2.188 2.092 0.096 acetone 
(HNEt3)[(pydicOPh)CuCl3] 2.159 2.260 2.109 0.151 solid 
(HNEt3)[(pydicOPh)CuCl3] 2.150 2.229 2.111 0.118 acetone 
[a] Samples measured at 298 K; gav = averaged g value = (g|| + 2 g⊥)/3; ∆g = g|| − g⊥ 
 
All spectra recorded from solid and dissolved samples exhibit axial symmetry with g > g⊥ 
which is typical for octahedral elongated or square pyramidal CuII complexes.[215,228-231] Although 
the g anisotropy (∆g) varies strongly (from 0.096 to 0.211) the averaged g values are quite 
similar.  










Figure 6: X-band EPR spectra of (HNEt3)[(pydicOPh)CuCl3] (left) and 
(HNEt3)[(pydicOMe)CuCl3] (right) measured at 298 K in acetone solution  
 
From XRD the geometries of the complexes (HNEt3)[(pydicOMe)CuCl3] and 
[(pydic)Cu(OH2)2]n are known to be distorted octahedral or square pyramidal, while 
[Cu(OH2)6][(Cu(pydic)µ-Cl)2] contains two different copper ions, one with octahedral elongated 
surrounding and two ions with square pyramidal geometry. The EPR spectra of the two copper 
species containing compound cannot be resolved. For [Cu(OH2)6]2+ the EPR parameters have 
been reported to g|| = 2.309 and g⊥ = 2.065.[226] Since the EPR data of all complexes are quite 
similar, it is verified that the geometries of (HNEt3)[(pydicOPh)CuCl3] and [(pydicOIPh)CuCl2], 
which have not been crystallised so far, are also distorted octahedral or square pyramidal. 
Furthermore, the spectra recorded on dissolved samples are also quite similar to those of solid 




2.1.4 Electrochemical measurements 
 
The electrochemical properties of the new complexes were studied by cyclic voltammetry. 
Measurements were carried out at room temperature in MeCN/nBu4NPF6 solution. A 
representative plot is shown in Figure 7, Table 5 summarises the observed potentials. 
The redox properties of the isolated ligand pydicOIPh were analysed and compared to the 
corresponding copper complex to distinguish between ligand centred and copper centred 
reduction. [(pydicOIPh)CuCl2] shows one reversible, metal centred reduction at 0.11 V (CuII/CuI) 
and two irreversible processes, a ligand centred reduction and a ligand centred oxidation. The 
ligand centred processes of free and coordinated ligand occur at almost the same potentials 
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supporting the assignment of [(pydicOIPh)CuCl2] to be a CC isomer. In a CC isomer both 
phenol moieties are not affected by the copper coordination, while in AC or AA isomers the bond 
between the copper ion and the phenol oxygen atom should influence the phenoxyl oxidation 
potential. 
 
Table 5: Electrochemical data of pydicOIPh and the oxido-pincer CuII complexes[a] 
compounds Epa ox/ligand E½ CuI/CuII Epc red/ligand 
pydicOIPh 0.72 - −1.42 
[(pydicOIPh)CuCl2] 0.72 0.11 −1.33 
(HNEt3)[(pydicOMe)CuCl3] 0.84 0.14 −1.33 
(HNEt3)[(pydicOPh)CuCl3] 1.13 0.10 −1.45 
K2[CuCl4] 1.12 0.08 −1.07, −1.48 
[a] From cyclic voltammetry in MeCN/nBu4NPF6 solutions; potentials in V vs. FeCp2/FeCp2+ 
 
1.0 0.5 0.0 -0.5
E (V) vs. FeCp2/FeCp2+
2 µA
 
Figure 7: Cyclic voltammogramm of [(pydicOIPh)CuCl2] measured in MeCN/nBu4NPF6 at 298 K 
with 100 mV/s scan rate 
 
The complexes (HNEt3)[(pydicOMe)CuCl3] and (HNEt3)[(pydicOPh)CuCl3] are investigated 
in comparison to the dissolved K2[CuCl4]. The complexes show similar redox properties, with a 
copper centred reversible reduction process occurring at about 0.1 V. Further reduction occurs 
irreversibly and might be associated to a Cl− cleavage, since very similar behaviour is found for 
[CuCl4]2− (Eq. 6).  
 
[L−M−Hal] + e−  [L−M−Hal] •−  [L−M] •  + Hal−           Eq. 6 
 
Irreversible oxidations were observed for (HNEt3)[(pydicOMe)CuCl3], 
(HNEt3)[(pydicOPh)CuCl3] and K2[CuCl4]. Neither (HNEt3)[(pydicOMe)CuCl3] nor, of course, 
[CuCl4]2− posses a [OPh]•+/[OPh] redox couple, but show oxidation in a similar range as 
(HNEt3)[(pydicOPh)CuCl3]. So the oxidised species needs to be further analysed to allow an 
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2.1.5 Absorption spectroscopy and spectroelectrochemical measurements 
 
Absorption measurements (1000 – 200 nm) were performed in MeCN solution. The data are 
summarised in Table 6. Extinction coefficients ε help to distinguish between absorption bands of 
ligand centred pi-pi* transitions (sharp absorption bands with large values for ε) charge transfer 
(broad absorption bands with lower values for ε) and d-d transitions (very broad absorption bands 
and small values for ε).  
The complexes all show an absorption band at 462 nm which is assigned to be a LMCT 
between copper ion and chlorido ligands. The UV absorption bands, which are ligand centred pi-
pi* transitions, vary significantly with the different substituents at the ester function.  
While the complexes [(pydicOIPh)CuCl2], (HNEt3)[(pydicOMe)CuCl3] and 
(HNEt3)[(pydicOPh)CuCl3] show d-d absorption bands in the range of 800 to 900 nm, K2[CuCl4] 
shows a d-d band at 1074 nm indicating the differences in the ligand field strength, chlorido 
ligands are weak ligands to CuII. 
Table 6: Absorption maxima for the copper complexes[a] 
compound λ / nm (ε / Lmol–1cm–1) 
[(pydicOIPh)CuCl2] 289 (2747), 462 (425), 847 (72) 
K2[CuCl4][b] 312, 346sh, 462, 1074 
(HNEt3)[(pydicOMe)CuCl3] 261 (4826), 462 (357), 823 (64) 
(HNEt3)[(pydicOPh)CuCl3] 261 (4134), 307 (2255), 462 (714), 900 (55) 
[a] Measured in MeCN 
[b] Due to a KCl impurity in the K2[CuCl4] salt the extinction coefficients ε are not determined 
 
Spectroelectrochemistry is a helpful method to analyse the spectroscopic properties of 
(potentially labile) oxidised or reduced species and means that electrochemistry (thin layer 
electrolysis performed at suitable potentials) is coupled to a second spectroscopic detection 
method. In general this method might be NMR, EPR, IR, Raman, absorption spectroscopy or 
else. The type of method should be chosen with regard to the system which is analysed: e.g. EPR 
can be used for compounds becoming paramagnetic upon electrochemical processes, IR 
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spectroscopy can be used for compounds showing indicative vibrations (e.g. complexes 
containing CO or NO ligands). For copper complexes absorption spectroscopy is a very helpful 
detection method. For the metal centred redox processes a decent change of the d-d transition 
and/or metal involved charge transfer is expected, while ligand centred processes lead to a change 
of pi-pi* transition. Furthermore, electrochemically induced processes such as (de)protonation 
reactions, halogenide cleavage or dimerisation should lead to typical changes of the aborption 
spectra and thus can be identified by this method. Generation of phenoxyl radicals also leads to 
indicative absorption bands at the same time allowing conclusion on the radical stability (by the 
absorption energy of the CT absorption band) and validating interactions between radical and 
copper ion or between two radicals of one complex. 
Oxidative spectroelectrochemical measurements (at +1.5 V) in MeCN/nBu4NPF6 using 
(HNEt3)[(pydicOPh)CuCl3] and [(pydicOIPh)CuCl2] were carried out to determine whether 
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Figure 8: Absorption spectra recorded upon oxidative spectroelectrochemistry (+1.5 V) of 
(HNEt3)[(pydicOPh)CuCl3] (left) and [(pydicOIPh)CuCl2] (right) in MeCN/nBu4NPF6 solution  
 
During the electrochemical oxidation of (HNEt3)[(pydicOPh)CuCl3] a decreasing intensity 
for the ligand centred absorption band at 261 nm (assigned to pi-pi* transition) is observed, while 
the absorption bands at 306 nm and 462 nm vanish. This is not typical for the formation of 
phenoxyl radicals but presumably indicates the decomposition of (HNEt3)[(pydicOPh)CuCl3] 
upon oxidation. 
Oxidation of [(pydicOIPh)CuCl2] leads to a new absorption band rising at 466 nm, while the 
absorption maximum at 203 nm (pi-pi* transition) is shifted to 226 nm. The band at 466 nm is 
assigned to be a charge transfer between CuII and a partly stabilised (ortho-I) phenoxyl radical 
generated upon oxidation.  
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2.1.6 Conclusions on the suitability of pydicH2 ester complexes as GO model systems 
 
The complexes [(pydicOIPh)CuCl2] and (HNEt3)[(pydicOPh)CuCl3] both contain phenol 
moieties, which generally might allow the formation phenoxyl radicals. Electrochemical 
investigations showed that the potentials of the CuII/CuI redox couple lie in the typical range, 
while the ligand centred oxidation occurs at rather high potentials. The latter is not desirable for 
GO mimicking activity. Furthermore, spectroelectrochemistry showed that oxidation of 
(HNEt3)[(pydicOPh)CuCl3] does not lead to a phenoxyl radical species, while oxidation of 
[(pydicOIPh)CuCl2] leads to a phenoxyl radical. Therefore (HNEt3)[(pydicOPh)CuCl3] is surely 
not suitable as GO model complex, while the suitability of [(pydicOIPh)CuCl2] should be 
examined in a catalytic test reaction (Chapter 7). Modification of the O,N,O pincer ligands might 
improve their suitability, ligands which lack competitive donor functions (such as the carbonyl 
oxygen) guarantee a coordination of the phenoxy part of the ligand. A promising alternative 
would thus be the use of bis-phenoxyl pincer ligands, which is described in the following. 
 
 




The class of bis-phenoxido pincer ligands (Scheme 22) is derived from the pydic-ester ligand 
type (Chapter 2.1). In contrast to the latter the bis-phenoxido pincer ligands solely possess three 






R = CH3 R1,R1',R2,R2' = H                                 LOMe2                 
R1,R1' = OMe, R2,R2' = H                     LOMe4                       
R1,R1' = H, R2,R2' = iPr                        LOMe2iPr        
R1,R1',R2,R2' = H                                 LOH2                      
R1= OMe, R1' = OH, R2,R2' = H           LOMeOH3           
R1,R1' = H, R2,R2' = iPr                        LOH2iPr
R = H

Scheme 22: General structure of bis-phenoxido pincer ligands with various substituents 
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The synthesis of 2,6-bis-(2-hydroxyphenyl)pyridine ligand (LOH2) from 2,6-bis-(2-
hydroxyphenyl)pyridine (LOMe2) has already been reported.[232] Also a similar ligand system, the 
asymmetric 2-(2-hydroxy-5-methylpheny1)-6-(2-hydroxyphenyl)pyridine (LOH2Me), which was 
synthesised via a Kröhnke pyridine synthesis is known.[233] Further substituted derivatives of 
LOH2 such as 2-(2-methoxynaphtyl)-6-(2-methoxyphenyl)pyridine, 2,6-bis-(2-methoxynaphtyl) 
pyridine and the hydroxy-derivatives[234] as well as fluorinated derivatives are known.[235] 
Complexes of the latter have not been described yet, but LOH2 and LOH2Me were used to 
synthesise copper complexes (Figure 9).[233,236] 
 
 
Figure 9: Molecular structure of [Cu(LO2)(py)]2[236] (left), and [Cu(LO2Me)(py)2][233] (right); H 
atoms omitted for clarity 
 
CuII complexes including the deprotonated LOH2 and LOH2Me are normally isolated as 
multinuclear species, while mononuclear complexes are obtained upon treating multinuclear 
species with excess pyridine. This does not work in any case as the formation of [(LO2)Cu(py)]2 
shows (Figure 9).[236]  
Interestingly, the phenoxido-pincer ligands show a strongly distorted geometry upon 
coordination to large transition metal ions. This is due to the small binding pocket provided by 
these ligands. In the complex [(LO2)Be(OH2)][237], where the small Be2+ ion is located above the 
O,N,O plane, the planar ligand offers a binding pocket with O1...N1 and O2...N1 = 2.62 Å and 
O1...O2 = 2.59 Å. This means that in a planar ligand geometry the O donor atoms lie markedly 
closer than the approximate length of an O−Cu−O binding motive (approximately 3.66 Å as 
inferred from the sum of covalence radii). As a result, both phenoxido moieties are twisted upon 
coordination to copper. 
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The aim of the present study was to synthesise mononuclear copper complexes with the 
known phenoxido-pincer ligands (LOH2 and LOMe2) and with some new derivatives (LOMe4, 
LOH3OMe, LOMe2iPr and LOH2iPr). The electrochemical and optical properties were 





2.2.2 Synthesis and characterisation of the ligands 
 
While the ligands 2,6-Bis(2-methoxyphenyl)pyridine (LOMe2) and 2,6-Bis(2-
hydroxyphenyl)pyridine (LOH2) have been described before,[232,236,238] the derivatives (LOMe4, 
LOH3OMe, LOMe2iPr and LOH2iPr) are new compounds. LOMe4 was synthesised via a Kumada 
coupling reaction and was isolated as its MgBr2 complex. This is inferred from NMR 
spectroscopy and elemental analysis. The free LOMe4 ligand was obtained by extraction of the 
organic complex solution with an aqueous solution of cryptand. Cheaper methods like acidifying 
the dissolved magnesium complex, filtration over silica or treatment with crown ether remained 
unsuccessful. LOH3OMe was obtained from LOMe4 by demethoxylation using an excess of 
pyridinium hydrochloride. The reason for incomplete demethoxylation in the presence of a huge 
excess pyridinium hydrochloride is still unclear. The remaining methoxy group was found to be 
in meta position at the phenol core (non-coordinating) using appropriate NMR correlation 
experiments (H,H-COSY, HMBC, HSQC and NOESY). 
The ligand LOMe2iPr was synthesised via a Suzuki coupling reaction in good yield (84%) 
and high purity. Demethoxylation using an excess of pyridinium hydrochloride yielded the ligand 
LOH2iPr (67%) in high purity. All ligands were fully characterised by NMR and elemental 
analysis. Additionally LOMe2 and LOMe4 could be obtained as single crystals from acetone. X-
ray diffraction resulted the structure of LOMe2 (solved in the monoclinic space group Cc) and 
LOMe4 (solved in the chiral orthorhombic space group P212121[239]). Figure 10 shows the two 
molecular structures (for details of the crystal measurement and refinement see appendix). The 
crystal structure of LOMe2 has already been reported in the monoclinic space group Ia.[232] 
Although Ia is a non-standard but equivalent setting of Cc, the molecular parameters in both 
structures are not identical (Figure 10). The pi-overlap between the three ring planes is expected 
to be crucial for the spectroscopic and electrochemical properties of the free ligands and their 
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metal complexes (Table 7). 
 
 
Figure 10: Molecular structure of LOMe2 (left) and LOMe4 (right), thermal ellipsoids represent 
50% probability; H atoms were omitted for clarity 
 
Table 7: Selected data of the molecular structures of LOMe2 and LOMe4 
dihedral angles LOH2 LOMe2 LOMe4 
planeO1-planeN ~26 [a] 44.40(6) 35.39(9) 
planeO2-planeN ~30 [a] 51.75(8) 40.31(9) 
planeO1-planeO2 ~51 [a] 78.92(8) 38.06(9) 
[a] Averaged values from three independent molecules from ref [232] 
 
In the ligand LOMe2 both phenol rings are markedly tilted from the central pyridine ring. As 
a result the two methoxy groups point into different directions one group lying above the pyridine 
ring plane and the other one below. Thus the pi-overlap between the different ring planes in 
LOMe2 is negligible. In LOMe4 both tilt angles are smaller and both methoxy groups point in the 
opposite direction of the binding pocket. One of the methyl groups in 4-position is disordered 
(1:3). The tilt angles of the LOH2 ligand are the smallest found in this series and the two hydroxy 
groups point into the same direction. In summary all three ligands exhibit molecular structures 
which result from steric interactions and do not represent the geometry presumed for their 
tridentate coordination mode. In order to coordinate in a bis-chelate manner they have to undergo 
conformational changes by rotation of the phenyl substituents. The corresponding rotation 
energies are probably rather small, while on the other hand, the systems might gain energy from 
more efficient pi-delocalisation in the all-planar conformation. However, from a study on 
LOH2Me and its copper complex [Cu(LO2Me)(py)2][233] it is evident that one of the phenol 
substituents is in a coplanar arrangement to the central pyridine core (supported by a O–H…N 
hydrogen bond), while in the corresponding CuII complex all three rings are tilted toward each 
other, due to the small cavity provided by the O,N,O donor atoms (the mentioned protons fit into 
Katharina Butsch  2. O,N,O Pincer Complexes 
41

the cavity). Thus an all-planar configuration cannot be expected for the CuII or NiII complexes. 
The geometry of LOMe2iPr and LOH2iPr is hardly predictable since the isopropyl group in para 
position is not expected to exhibit a strong sterical effect. In principle, both ligands can be twisted 
similar to LOH2, LOMe2 or LOMe4. 
 
 
2.2.3 Synthesis of the complexes 
 
The synthesis of copper complexes containing phenoxido pincer ligands is mainly 
determined by the initial goal to generate mononuclear compounds. For LOH2 and its derivatives 
the formation of oligonuclear copper complexes with copper atoms bridged by negatively 
charged oxido ligand functions (phenolates) was reported.[233,236] The already known strategy to 
form mononuclear complexes by adding suitable ligands like pyridine to multinuclear 
complexes[233] turned out to be insufficiently controllable: due to the unknown nuclearity of the 
starting materials (stoichiometry) the reaction yielded by-products as [Cu(py)2Cl2], which could 
be crystallised from the reaction mixture. Therefore more reliable strategies for the synthesis of 
mononuclear complexes had to be applied. The ligands were used in their protonated or 
methoxylated state, which prohibits the formation of oligonuclear species through oxido ligand 
bridging. Nevertheless the complex forming reactions with CuCl2 in methanol yielded brown 
compounds, indicating the formation of binuclear complexes (or compounds with even higher 
nuclearity). Multinuclear compounds have been described to exhibit a brownish colour, while 
mononuclear derivatives are green.[233] Most likely the obtained compounds are binuclear 
chlorido bridged complexes: [(LOMe2)CuCl2]2, [(LOH2)CuCl2]2, [(LOMe4)CuCl2]2, 
[(LOMe2iPr)CuCl2]2 and [(LOH2iPr)CuCl2]2. This assumption could be verified by EPR 
spectroscopy (see below). The copper atoms in these dimeric products are assumed to be 
octahedrally coordinated, bridged by two of the chlorido ligands (Scheme 23). The solids can be 
dissolved in DMF resulting reliably in octahedrally configured mononuclear species 
[(O,N,O)CuCl2(DMF)] (Scheme 23) as indicated by their absorption spectra and EPR 
spectroscopy (see below). In other donating solvents such as MeCN, DMF or DMSO the 
cleavage of the chlorido bridge can also be observed (see below).  






















Scheme 23: Proposed structure for the binuclear complexes [(O,N,O)CuCl2]2 and monomers 
obtained in DMF solution 
 
But the mononuclear species obtained in MeCN solution rapidly disproportionate (Eq. 7). 
This is in line with recent reports on related chlorido bridged copper complexes[229] and with the 
previously reported pentacoordinated complexes [(RR’pydimH2)CuCl2] (RR’pydimH2 = oxido 
pincer ligands based on 2,6-bis(hydroxymethyl) pyridine).[183] 
 
2  [(O,N,O)CuCl2]    [(O,N,O)2Cu]2+  +  [CuCl4]2−           Eq. 7 
 
An alternative synthesis is to perform ligand exchange reactions in MeCN starting from 
[Cu(MeCN)4](TFA)2 (TFA = trifluoroacetic acid) as precursor. In the case of LOMe2 no reaction 
took place, while for LOMe4 the complex [(LOMe4)Cu(TFA)2] was obtained as a light green 
solid. Additionally the complexes [(LOH3OMe)Cu(TFA)2] and [(LOMe2iPr)Cu(TFA)2] were 
obtained, while the reaction of LOH2iPr and [Cu(MeCN)4](TFA)2 (in 1:1 stoichiometry) yielded 
[(LOHiPr)2Cu] in some way. The pincer ligand in [(LOH2)CuCl2]2 is completely protonated, but 
can easily be deprotonated in methanol solution by adding an excess of KOtertBu or NEt3. The 
deprotonated species [(LOH)CuCl] precipitates immediately and can be isolated by filtration. 
In addition to CuII complexes, which were the main focus of this study, some NiII derivatives 
were synthesised for comparison of the coordination geometry (detectable by UV/vis/NIR-, 
NMR- or EPR spectroscopy) and electrochemistry (higher potentials for the metal centred redox 
processes). The nickel compounds were synthesised using ligand exchange reactions starting 
from [(PPh3)2NiBr2]. The obtained dimeric compounds [(LOMe2)NiBr2]2, [(LOH2)NiBr2]2, 
[(LOMe4)NiBr2]2, [(LOMe2iPr)NiBr2]2 and [(LOH2iPr)NiBr2]2 were rapidly formed in methanol. 
Obtained yields are low when using LOH2, LOMe2 and LOMe4 (45-79%). This is due to the 
formation of triphenylphosphane oxide (detectable by NMR spectroscopy) which had to be 
removed by repeated washing using non-polar solvents. Somehow this side reaction was 
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observed in negligible amounts for LOMe2iPr and LOH2iPr and as a result the yields of 
[(LOMe2iPr)NiBr2]2 and [(LOH2iPr)NiBr2]2 were good (74% and 93%). 
 
 
2.2.4 NMR spectroscopy 
 
Due to their paramagnetism, no NMR spectra could be obtained for the CuII complexes. NiII 
compounds are not necessarily diamagnetic, if their geometry is square planar or distorted 
octahedral they are suitable for NMR analyses, while tetrahedral complexes are paramagnetic and 
NMR spectroscopy is strongly hampered. Due to the small binding pocket of the bis-phenoxido 
pincer ligands the nickel complexes need to be strongly distorted. For some binuclear complexes 
[(O,N,O)NiBr2]2, 1H NMR spectra were obtained and can be compared to spectra of the free 
ligands. 13C NMR spectra were recorded for the free ligands while low solubility of the nickel 
complexes did not allow such measurements. 
 
Table 8: Selected 1H NMR data for the free ligands and their MgII and NiII complexes[a] 
compound Py4 Py3,5 Ph6 Ph4 Ph5 Ph3 OMe/OH 
LOMe2 7.84 7.84 7.97 7.39 7.15 7.07 3.92 
[(LOMe2)NiBr2]2 8.52 8.30 8.04 7.59 7.35 7.22 4.10 
        
LOH2 8.00 7.72 7.69 7.35 7.05 7.00 9.88 
[(LOH2)NiBr2]2 8.00 8.00 7.86 7.32 7.00 7.00 11.67 
        
LOMe4 7.69 7.78 8.01 - 6.68 6.68 3.91/3.87 
[(LOMe4)MgBr2] 8.63 8.29 6.87 - 6.93 8.01 4.19/3.98 
[(LOMe4)NiBr2]2 8.94 8.55 7.00 - 7.04 8.18 4.40/4.05 
        
LOMe2iPr 7.73 7.73 7.73 7.25 - 6.98 3.86 
[(LOMe2iPr)NiBr2]2[b] - - - - - - - 
        
LOH2iPr 8.03 8.03 7.75 7.21 - 6.98 - 
[(LOH2iPr)NiBr2]2 8.54 8.25 7.89 7.25 - 6.91 - 
[a] Chemical shifts δ in ppm, measured in [D6]-acetone 
[b] The NiII coordination the compound is paramagnetic and NMR correlation experiments could 
not be performed, 1H signals are δ = 14.65; 9.44; 8.15; 7.93; 7.41; 3.88; 3.56; 1.57 ppm. 
 
From Table 8 it is evident that the 1H signals of the ligands show remarkable low field shifts 
upon coordination. Especially the shift differences of the pyridine ring protons indicate the metal 
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ion coordination, while the shift differences of phenol ring protons are not so huge. The observed 
shift differences of the methoxy and hydroxy proton signals indicate that both oxido donors are 
coordinated in any case. The spectra were found to be unchanged after days, proving the stability 
of the formed complexes in acetone solution.  
[(LOH2)NiBr2]2 shows proton signals for two OH protons, revealing that the complex 
formation is not inducing a deprotonation of the coordinated OH groups. However the δ value 
has shifted from 9.88 to 11.67 ppm indicating that the protons are far more acidic. For the ligand 
LOH2iPr and its nickel complex no hydroxy proton was found in the NMR spectra, in line with  
the expected increased acidity of this proton (already without metal ion coordination). At least, 
for the nickel complex of LOMe2iPr no interpretable NMR spectrum was recorded: all 1H signals 
are strongly broadened and correlation experiments to assign the signals could not be performed. 
This is clearly due to paramagnetism, which could either be caused by a strong distortion of this 




2.2.5 EPR spectroscopy 
 
EPR spectra of all copper compounds were measured in solid state and in DMF solutions at 
298 K and at 110 K (DMF was glassy frozen under this conditions), data are listed in Table 9. 
The free ligands and most nickel complexes were found to be diamagnetic, but also the 
paramagnetic nickel complex [(LOMe2iPr)NiBr2]2 did not show an EPR signal under the 
conditions described above. All observed g values lie in the range expected for CuII complexes, 
while a close look reveals decent differences in the signal symmetry and subtle variations in g 
values and g anisotropy (∆g). The signal form of CuII is a direct hint to the complex geometry.[228]  
The binuclear complexes [(O,N,O)CuCl2]2 from the preparation in methanol exhibit ill-
resolved axial spectra (no hyperfine splitting) and no indication of a half-field signal (Figure 11). 
Such spectra are typical for chloride bridged binuclear species with octahedral configuration 
(OD),[215,229] or square pyramidal geometry (SP)[230,231] indicating a marginal influence of the 
sixth ligand.[240]  
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Table 9: X-band EPR data of the phenoxido-pincer copper complexes[a] 
Compound gav g|| g⊥ A||Cu ∆g symmetry[b] 
solvent /  
T [K] 
[(LOH2)CuCl2]2 2.178 2.327 2.104 - 0.223 OD solid / 298 
[(LOMe2)CuCl2]2 2.170 2.230 2.140 - 0.090 OD solid / 298 
[(LOMe4)CuCl2]2 2.158 2.333 2.070 - 0.263 OD solid / 298 
[(LOMe2iPr)CuCl2]2 2.140 2.254 2.083 - 0.171 OD solid / 298 
[(LOH2iPr)CuCl2]2 2.124 2.220 2.076 - 0.145 OD solid / 298 
[(LOH)CuCl]2 2.181 2.346 2.099 - 0.351 OD solid / 110 
[(LOH2)CuCl2(DMF)] 2.164 2.331 2.081 139 G 0.250 OE or SP DMF / 110 
[(LOMe2)CuCl2(DMF)] 2.166 2.336 2.081 129 G 0.255 OE or SP DMF / 110 
[(LOMe4)CuCl2(DMF)] 2.163 2.296 2.097 123 G 0.199 OE or SP DMF / 110 
[(LOH)CuCl(DMF)2] 2.156 2.313 2.078 170 G 0.235 OE or SP DMF / 110 
[(LOMe4)Cu(TFA)2] 2.146 2.326 2.056 165 G 0.270 OE or SP solid / 110 
[(LOH3OMe)Cu(TFA)2] 2.121 2.229 2.067 - 0.162 OE or SP solid / 110 
[(LOMe2iPr)Cu(TFA)2] 2.152 2.315 2.070 - 0.245 OE or SP solid / 298 
Compound gav g1 g2 g3 ∆g symmetry[b] 
solvent /  
T [K] 
[(LOHiPr)2Cu] 2.176 2.323 2.153 2.053 0.270 OM solid / 298 
[(LOHiPr)2Cu] 2.097 2.110 2.097 2.084 0.026 OM DMF / 298 
[a] gav = averaged g value = (g|| + 2 g⊥)/3; ∆g = g|| − g⊥ 
[b] Symmetry assignment based on EPR spectroscopy (see text), OD = octahedral dimeric, OE = octahedral 











Figure 11: X-band EPR spectra of [(LOMe2)CuCl2]2 (left, solid line), [(LOH2)CuCl2]2 (left, 













Figure 12: X-band EPR spectra of [(LOHiPr)2Cu] in the solid state (left) and dissolved in DMF 
(right), spectra measured at 298 K 
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The species observed in (glassy frozen) DMF solutions all exhibit axial spectra with coupling 
constants (AǀǀCu) about 140 G for the g|| component, which are typical for square-based pyramidal 
(SP), tetragonally elongated octahedral (OE) but also trigonal bipyramidally (TBP) configured 
CuII complexes.[226,241-244] However, the three cases can be winnowed by their g value range. TBP 
compounds usually have g|| values around 2.0 and g⊥ around 2.2, while for the other two 
configurations g|| > g⊥ with g⊥ > 2.04 can be expected.[228] Following this classification the 
complexes [(O,N,O)CuCl2(DMF)] are mononuclear octahedral or square pyramidal complexes 
(Scheme 23). The g anisotropy (∆g) is quite similar for all complexes.  
The complex [(LOH)CuCl]2 exhibits a spectrum which is very similar to those of the µ-Cl 
bridged complexes. Thus the presence of a dimer in the solid state can be concluded. This implies 
that the deprotonated oxido function bridges two copper ions. In DMF solution this complex is 
mononuclear as inferred from the EPR spectrum. However, it cannot be determined if this species 
contains one or two DMF ligands, since their presence in axial position will not have significant 
influence (assuming a square planar arrangement of the O,N,O and the Cl coligand). 
For the solid complex [(LOMe4)Cu(TFA)2] an axial spectrum (Figure 11) was found, which 
is very similar to those of the mononuclear complexes containing chlorido ligands, hence they are 
assumed to have similar geometries, while a hyperfine structure as found for 
[(LOMe4)Cu(TFA)2] was not observed for [(LOMe2iPr)Cu(TFA)2] and [(LOH3OMe)Cu(TFA)2]. 
The complex [(LOHiPr)2Cu] is the only compound that exhibits rhombic spectra (Figure 12); in 
DMF solution the signal is highly symmetric (gav = g2), thus it might be considered to be 
isotropic. The complex is clearly octahedrally configured and due to the shape of the O,N,O 
binding pocket, the geometry is assumed to be strongly distorted. The complexes 
[(LOH2iPr)CuCl2]2 and [(LOMe2iPr)CuCl2]2 measured in DMF contain more than one copper 
species. The spectra show strong half field signals and in case of [(LOH2iPr)CuCl2]2 the signal 
seems to contain that observed for [(LOHiPr)2Cu]. This points to a coordinative disproportion of 
the complex following Eq. 8.  
 
2 [(LOR2iPr)CuCl2]    [(LOR2iPr)2Cu][CuCl4]            Eq. 8 
 
Similar reactions were previously observed for pyridine dimethanol pincer complexes and in 
case of CuII species it was found that these reactions mainly take place if the complexes are well 
soluble.[184] This explains, why disproportion is exclusively observed for this two bis-phenoxido 
pincer complexes. The isopropyl residues obviously lead to an increase in ligand and complex 






2.2.6 Electrochemical measurements 
 
Cyclic voltammetry performed on the copper dichlorido complexes was carried out using 
DMF as solvent and nBu4NPF6 as electrolyte. Representative plots are shown in Figure 13 and 
data are summarised in Table 10. Solely the compound [(LOMe4)Cu(MeCN)](TFA)2 was 
measured in MeCN to ensure comparability to most of the literature work on related GO model 
compounds. The nickel complexes were included in this study for comparison, but they had to be 
measured in THF solution since they are not stable in MeCN or DMF. The assignment of redox 
processes is based on the assumption that NiII and CuII might exhibit similar ligand centred 
oxidation or reductions, while the metal based electrochemistry differs largely (CuII might be 
easily reduced (CuII/CuI couple), whereas for NiII oxidation (NiII/NiIII) should be observed at 
comparable low potentials). 
1.0 0.5 0.0 -0.5
E (V) vs FeCp2/FeCp2+
10 µA
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Figure 13: Cyclic voltammogramms of [(LOMe4)CuCl2(DMF)] (left), [(LOMe2iPr)CuCl2(DMF)] 
(middle) and [(LOH2)CuCl2(DMF)] (right) measured in DMF/nBu4NPF6 at 298 K with 100 mV/s 
scan rate; * marks an oxidation wave corresponding to the deprotonated species 
 
The copper complexes show reversible reductions at potentials around 0 V, while the 
corresponding NiII complexes are irreversibly oxidised at around +0.4 V. The (irreversible) 
ligand centred oxidation is strongly depending on the substitution pattern at the phenolate cores. 
For unsubstituted ligands the potentials of the [OPh]•+/[OPh] redox couple are quite similar, lying 
around 0.7 - 1.0 V (Table 10). The complex [(LOH)CuCl(DMF)2] which contains the 
deprotonated LOH– ligand, shows a far lower ligand oxidation potential. The [OPh]•+/[OPh] 
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redox couple of LOH2iPr and its copper complexes show irreversible oxidation at potentials 
around 0.3 - 0.7 V, in contrast LOMe2iPr and its complexes exhibit reversible ligand centred 
oxidation at markedly lower oxidation potential (E½ = 0.54 V and 0.36 V).  
 
Table 10: Electrochemical data of free oxido-pincer ligands and their CuII and NiII complexes[a] 
Ligands Epa ox/ligand E½ CuI/CuII solvent 
LOH2 0.93 - DMF 
LOMe2 0.80 - DMF 
LOMe4 0.98 - DMF 
LOH3OMe 0.76 - DMF 
LOMe2iPr 0.54 - DMF 
LOH2iPr 0.63 - DMF 
Cu chlorido complexes Epa ox/ligand E½ CuI/CuII solvent 
LOH2 1.01 −0.11 DMF 
LOH– 0.28 −0.03 DMF 
LOMe2 0.90 −0.04 DMF 
LOMe4 0.72 −0.01 DMF 
LOMe2iPr 0.54[b] −0.01 DMF 
LOH2iPr 0.78 −0.03 DMF 
Cu TFA complexes Epa ox/ligand E½ CuI/CuII solvent 
LOMe4 1.54 0.21 MeCN 
LOH3OMe 0.35 [245] MeCN 
LOMe2iPr 0.36[b] −0.09 DMF 
   
 
[(LOHiPr)2Cu] 0.35 −0.09 DMF 
Ni complexes [c] Epa ox/ligand Epa NiII/NiIII solvent 
LOH2 0.82 0.41 THF 
LOMe2 > 1.04 0.56 THF 
LOMe4 0.96 0.52 THF 
LOMe2iPr 0.78 0.53 THF 
LOH2iPr 0.94 0.60 THF 
[a] From cyclic voltammetry in solvent/nBu4NPF6 solutions; potentials in V vs. FeCp2/FeCp2+  
[b] Redox waves are reversible, potentials are E½ values  
[c] Assumed to be dimeric in THF solution 
 
Irreversible reduction waves were observed on cathodic scans, which were assigned to ligand 
centred processes. The complex [(LOH2)CuCl2(DMF)] shows waves corresponding to the 
deprotonated complex [(LOH)CuCl(DMF)2] at its reversed scan after reduction, which points to a 
deprotonation of the complex upon reduction. This is very uncommon, since deprotonation 
normally occurs after oxidation to remove the resulting positive charge, while reduction normally 
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is balanced by protonation. 
 
 
2.2.7 Absorption spectroscopy and spectroelectrochemical measurement 
 
The complexes [(O,N,O)CuCl2(DMF)] show typical weak ligand field (d-d) transitions 
around 1000 nm (ε < 100 Lmol–1cm–1) indicative for a Jahn-Teller distorted square pyramidal or 
octahedral complex[246] (Figure 14 and Table 11). The energy of the ligand field absorptions for 
the Cu−OMe containing compounds lies at somewhat lower energy (9116 cm−1; 9681 cm−1; 
10277 cm−1) compared to the Cu−OH containing derivatives (10764 cm−1; 10917 cm−1). This 
reflects the weaker ligand field imposed by the methoxy donor functions compared to hydroxy 
donor functions. The ligands exhibit strong absorption bands in the UV range of the spectrum. 
The two absorption bands discernible at around 270 and 310 nm are assigned to ligand centred 
pi−pi* transitions and do not shift markedly upon coordination (Table 11).  
An obstacle for analysing the dissolved copper complexes is complex disproportionation, 
which depends on the solvent’s polarity and is supported by MeCN (Eq. 8).[183] Detection and 
quantification of this side reaction is carried out by examination of [CuCl4]2− which exhibits 
typical absorption bands (in MeCN a charge transfer absorption band is observed at 462 nm[247]). 
Time dependent measurements of [(LOH2)CuCl2]2 dissolved in MeCN show an absorption band 
at 462 nm, which, starting from an intensity of 0.90 a. u., in one hour increases to an intensity of 
2.09 a. u.; the formation of [CuCl4]2− in MeCN is faster (logK = 3.7) than in water (logK = 
0.01)[247]. In DMF solution an absorption band at 438 nm is present for all complexes thus it is 
expected to be originated by [CuCl4]2− in DMF solution. In the case of [(LOH)CuCl2] it‘s starting 
intensity is 0.17 a. u., 0.19 a. u. after one hour and after 16 h the band has an intensity of 
0.40 a. u. indicating a slow formation of [CuCl4]2−. 
For [(LOMe2)CuCl2]2 the disproportionation product is also detectable, but in contrast to 
[(LOH2)CuCl2]2 the corresponding absorption band decreases during an hour from 2.08 a. u. to 
0.80 a. u. in MeCN solution and from 0.85 a. u. to 0.75 a. u. in DMF. Therefore DMF seems to be 
the best solvent for absorption spectroscopy. The well soluble complexes 
[(LOMe2iPr)CuCl2(DMF)] and [(LOH2iPr)CuCl2(DMF)] exhibit strong absorption in the range of 
438 nm in DMF solution, which is assigned to [CuCl4]2−. This indicates coordinative 
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disproportionation of the complexes and is in line with findings of EPR spectroscopy. Table 11 
gives an overview of the essential absorption bands of the copper and nickel compounds. 
 
Table 11: Absorption maxima for free ligands and CuII and NiII complexes[a] 
compound 
λ1 / nm 
(ε / Lmol–1cm–1) 
λ2 / nm 
(ε / Lmol–1cm–1) 
λ3 / nm 
(ε / Lmol–1cm–1) 
LOMe2 316 (10000) - - 
LOH2 318 (10300) - - 
LOMe4 316 (10010) 371 (3610) - 
LOMe2iPr 306 (2696) - - 
LOH2iPr 322 (1797) - - 
[(LOMe2)CuCl2(DMF)] 304 (-) 375 (740) 1097 (86) 
[(LOMe4)CuCl2(DMF)] 312 (14860) 369 (2320) 1033 (100) 
[(LOMe2iPr)CuCl2(DMF)] 316 (7832) 433 (630) 966 (127) 
[(LOH2)CuCl2(DMF)] 316 (-) - 929 (66) 
[(LOH2iPr)CuCl2(DMF)] 327 (10836) 436 (550), 480 (364) 916 (67) 
    
[(LOMe2)NiBr2]2 328 (5351) 612sh (123), 643 (131) 714 (88) 
[(LOH2)NiBr2]2 350 (10892) 617sh (160), 648 (185) 720 (92) 
[(LOMe4)NiBr2]2 378 (12056) 627 (55) 673sh (49) 
[(LOMe2iPr)NiBr2]2 362 (6107) 637 (245) 673sh (229) 
[(LOH2iPr)NiBr2]2 336 (10003) 612sh (119), 640 (134) 676 (123) 
[a] Free ligands and copper complexes measured in DMF and nickel complexes measured in THF 
Depending on the solvent’s donor strength the resulting mononuclear complexes showed 
different absorption spectra (Figure 14). The shift of the d-d absorption band proves that solvent 
molecules are incorporated as ligands and the energy of the absorption bands in Table 12 reflect 
the expected ligand strength of NEt3 > MeCN > DMF in the assumed species 
[(LOH2)CuCl2(solv)].  
 
Table 12: Long-wavelength absorption of [(LOH2)CuCl2]2 in various solvents 
solvent λ / nm ε / Lmol−1cm−1 
NEt3 810 204 
MeCN 909 44 
DMF 941 67 
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Figure 14: NIR-absorption spectra of [(O,N,O)CuCl2(DMF)] complexes 
 
Absorption properties of the nickel complexes were studied in THF solution. As shown in 
Figure 15, the absorption maxima assigned to charge transfer and d-d transition in the range of 
400 to 700 nm are very similar and in line with octahedral complex geometry. However, the 
intensity of the absorption bands varies strongly. 
 





















Figure 15: Vis-absorption of the [(O,N,O)NiBr2]2 complexes measured in THF solution 
 
The LOH2 ligand had already been analysed regarding its acid/base properties. This has been 
done using absorption spectroscopy of the different (de)protonated species combined with 
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calculations.[233] From this study it is already know that an absorption band at 318 nm belongs to 
the fully protonated LOH2 ligand (the absorption is assigned to pi−pi* transition). An absorption 
maximum at 349 nm indicates the singly deprotonated Ligand LOH−, while an absorption band at 
408 nm denotes the completely deprotonated LO2− ligand. The absorption spectrum of the 
complex [(LOH2)CuCl2(DMF)] thus confirms that the ligand remains protonated upon 
coordination. 
The first spectroelectrochemical experiments (using an optical transparent thin-layer 
electrode “OTTLE” cell) were devoted to the question if the ligands tolerate the change in 
oxidation state of the copper atom from CuII to CuI. From these experiments it is obvious that the 
ligand centred absorption bands slightly decrease in intensity (10 to 30%). While the complex 
[(LOH)CuCl(DMF)2] (containing a singly deprotonated ligand) exhibits a shift of the 
corresponding long-wavelength absorption to lower energy (from 343 nm to 358 nm), the other 
complexes do not show a significant shift of the long-wavelength absorption bands (Table 13 and 
Figure 16). 
 
Table 13: Data of absorption-titration experiments and spectroelectrochemical measurements[a] 
titration λ / nm equivalents   
with CuCl2  278, 318, 436[a] 0-5   
with CuCl2 (nBu3N as base) 278, 360 0-3   
spectroelectrochemistry oxidation parent (CuII) CuII→CuI reduction 
[(LOHiPr)2Cu] 254, 325 254, 284, 362 254, 363 - 
     
[(LOH)CuCl(DMF)2] 278, 322, 410sh 278, 343 277, 358 278, 351sh, 408 
[(LOH2)CuCl2(DMF)] 278, 316, 439 278, 316, 436[b] 278, 318 278, 310, 425[c] 
[(LOH2iPr)CuCl2(DMF)] 286, 376, 447sh 253, 322 253, 327 - 
[(LOMe2)CuCl2(DMF)] 258, 324, 342sh 258, 304 258, 306 - 
[(LOMe4)CuCl2(DMF)] 264, 321, 371 264, 312 264, 314 - 
[(LOMe2iPr)CuCl2(DMF)] 253, 296, 347 253, 309, 436[b] 253, 310 - 
[(LOMe2iPr)Cu(TFA)2] 253, 343 253, 309 253, 308 - 
 
[a] Measured in DMF, all absorption bands in nm 
[b] Assigned to [CuCl4]2− 
[c] Further reduction leads to absorption bands at 278 nm, 350sh nm, 408 nm and 353 nm 
 
It can be conclude that coordination is retained upon reduction to CuI and the ligand easily 
follows the subsequent change of the coordination geometry, the latter might be simplified by a 
strong distorted complex geometry. 







































Figure 16: Absorption spectra of [(LOMe2)CuCl2(DMF)] (left) and [(LOH)CuCl(DMF)2] (right) 
measured upon electrochemical reduction (CuII to CuI) in DMF/nBu4NPF6 at 298 K 
 
The ligand centred oxidation of the complexes occurs irreversibly as shown by cyclic 
voltammetry. Nevertheless the spectroscopic response upon oxidation was studied. For all 
complexes a long-wavelength absorption band lying in the range of 325 - 440 nm increases, the 
precise absorption wavelength depends on the ligand substitution (Figure 17). The new 
absorption band can be assigned to the phenoxyl radical species.[248] Interestingly, these 
absorption bands are shifted bathochromic with regard to the long-wavelength absorption bands 
of the parent species. Only [(LOH)CuCl(DMF)2] and [(LOHiPr)2Cu], which contain partly 
deprotonated ligands, show a phenoxyl radical charge transfer, which is shifted hypsochromic. 
Absorption bands in the range of 400 to 600 nm cannot be observed for the radical complexes. 
Comparison of the oxidation behaviour of [(LOMe2iPr)CuCl2(DMF)] and [(LOMe2iPr)Cu(TFA)2] 
proves that phenoxyl radical generation during electrochemical oxidation (indicated by the 
accessory absorption band) is not influenced by the coligand of the complexes.  


































Figure 17: Absorption spectra recorded upon electrochemical oxidation (+1.0 V) of 
[(LOH)CuCl(DMF)2] (left) and [(LOMe2iPr)CuCl2(DMF)] (right) in DMF/nBu4NPF6 solution  
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Additionally some titration experiments were carried out to investigate the acid base 
properties of the metal complexes (Figure 18, left).[249-251] 0.3 mL nBu3N (1.3 mmol) were added 
to 3 mL of a LOH2 solution (0.6 mmol). Since no spectral changes were observed it can be 
concluded that the free ligand is not deprotonated under these conditions. To this mixture small 
portions (10 µL) of CuCl2 in DMF were added. The corresponding absorption spectra showed a 
decreasing absorption at 318 nm (corresponding to the ligand LOH2), while a new absorption 
band at 360 nm appeared (Figure 18, left). From the spectral fingerprint the proceeding reaction 
can be assign to be the deprotonation of the coordinated ligand (formation of LOH–). Further 
addition of base did not change the recorded spectra, thus a fully deprotonated complex species, 
containing LO2– is not accessible using nBu3N (pKa = 10.9). Titration of the ligand LOH2 under 
the same conditions without base leads to the formation of [(LOH2)CuCl2(DMF)], as indicated by 
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Figure 18: Absorption spectra recorded upon titration of a LOH2/NBu3 solution with CuCl2 in 
DMF (left); spectroelectrochemical reduction (−2.7 V) of [(LOH2)CuCl2(DMF)] (right), inset 
shows reduction at –2.9 V presumably leading to [(LO)CuCl]2− in DMF/nBu4NPF6 solution 
 
Since a deprotonation upon reduction is a very uncommon process (nevertheless this has to 
be inferred by the CV experiments) optical spectroelectrochemistry of the reduction processes of 
[(LOH2)CuCl2(DMF)] and [(LOH)CuCl(DMF)2] was performed. Under reducing conditions 
(−2.7 V) the absorption band of the complex [(LOH2)CuCl2(DMF)] at 318 nm vanishes while a 
new absorption band appears at 425 nm (Figure 18, right). Further reduction (–3.0 V) finally led 
to a strong absorption band at 408 nm, which is unequivocally indicative for the doubly 
deprotonated ligand. The origin of the absorption maximum at 425 nm remains unclear. When 
studying the complex containing the deprotonated ligand [(LOH)CuCl(DMF)2] only the 
absorption band at 408 nm evolved immediately under reductive electrolysis. A coupling of 
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deprotonation and reduction of [(LOH2)CuCl2(DMF)] is further supported by the reductive 
spectroelectrochemistry of the complexes with methoxylated ligands (e.g. 
[(LOMe2)CuCl2(DMF)] and [(LOMe4)CuCl2(DMF)]). A general overview of titration 
experiments and spectroelectrochemical measurements is presented in Table 13. 
 
To quantify the acidity of the complex [(LOH2)CuCl2(DMF)] and with it the basicity of the 
deprotonated system, pH titration experiments were carried out. These experiments were 
performed in methanol since the complex system is not stable in water or the alternative medium 
DMSO/H2O. However, pKa values obtained in methanol should be handled carefully since the pH 
scale is solvent depending and does not alter linearly.[252] The pH titration in methanol gave a 
pKa(1) value of 3.70 for the first deprotonation step (Eq. 9). In comparison to the pKa value 
obtained for the free ligand (10.5)[233] the acidity of the ligand has increased by a factor of about 
107 by coordination to CuII. A second deprotonation could not be induced using KOH as a base 
reflecting that the pH scale in water and methanol are not well comparable. Furthermore this 
shows that the fully deprotonated complex species can be considered to be a very strong base. 
The corresponding pKa(2) value of the free ligand has been determined to about 14.[238] 
 
[(LOH2)CuCl2(DMF)] + OH−  [(LOH)CuCl(DMF)n] + H2O + Cl−       Eq. 9a 
[(LOH)CuCl(DMF)n] + OH–  [(LO2)CuCl(DMF)n]– + H2O         Eq. 9b 
 
 
2.2.8 Luminescence properties 
 
The ligands geometry (e.g. coplanarity of the aromatic rings) is assumed to be largely 
influenced by the coordinating metal as well as by substitution of the phenol core. These 
influence was established by emission spectroscopy in DMF solution. The ligand LOMe4 and its 
complexes indeed show blue luminescence upon irradiation into the long-wavelength absorption 
band (pi-pi* transition), while unfortunately for LOH2 or LOMe2 ligands and their complexes no 
emission could be observed at 298 K in DMF solution. Comparable emission has been reported 
for the ZnII complex [(LO)4(py)4Zn4] in the solid state.[236] The corresponding emission for the 
ligands LOH2 and LOMe2 and their complexes is assumed to be quenched in DMF solution 
(radiation less decay). The emission maxima (around 470 nm) and the Stokes shifts (around 
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5400 cm−1) are more or less the same for all compounds, while the intensities of the emissions 
and the quantum yields vary markedly (Table 14 and Figure 19). The emissions can be assigned 
to evolve from a 3pi−pi∗ excited state. The quantum yield for the magnesium compound is higher 
than for the nickel and copper derivative, probably reflecting that the ion fits better into the 
narrow binding pocket of the ligand (see discussion on the molecular structures) thus providing a 
rigid system (better φ than the free ligand). 
 









































































Figure 19: left: Absorption (solid line), excitation (λem = 464 nm, dotted line) and emission 
spectra (λexc = 390 nm, dashed line) of [(LOMe4)MgBr2] in DMF solution at 298 K; right: 
Absorption (solid line), excitation (λem = 475 nm, dotted line) and emission spectra 
(λexc = 390 nm, dashed line) of [(LOMe4)CuCl2(DMF)] in DMF solution at 298 K 
 
Table 14: Absorption, excitation and emission data of LOMe4 and its metal complexes 





LOMe4 270 (21260); 298sh 
(16150); 307sh (17110); 
313 (18160); 367 (1110)  
361; 392  466 5137 0.21⋅10–3 
[(LOMe4)MgBr2] 316 (1530); 371 (550) 344sh; 402 464 5449 3.52⋅10–3 
[(LOMe4)NiBr2(DMF)] 318 (6600); 372 (3860)  307sh; 380sh  
395  
467 5469 0.12⋅10–3 
[(LOMe4)CuCl2(DMF)] 316 (14820); 371sh 
(2290); 439sh (330) 
346; 408 475 5901 0.53⋅10–3 
[a] Absorption, excitation and emission maxima in nm, extinction coefficients ε in Lmol–1cm–1 as 
measured in DMF solution  
[b] Excitation spectra obtained for the maximum emission wavelength  
[c] Maximum emission recorded with excitation at λexc = 390 nm 
[d] Quantum yield 
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2.2.9 Conclusions on the suitability of bis-phenoxido pincer complexes as GO model systems 
 
The O,N,O-phenoxido-pincer systems posses a flexible ligand scaffold and various residues 
can be introduced to the phenol cores. The substituents influence different parameters of the free 
ligands and complexes. An important aspect is the solubility, which can be increased by using 
substituents such as isopropyl groups. Increasing solubility, although desired for homogeneous 
catalysts, in this case leads to a side reaction, the so called coordinative disproportionation. The 
primarily formed complex systems are binuclear but can be transferred reliably into mononuclear 
complexes by dissolving in DMF.  
Furthermore, the different substituents influence the electrochemical properties of the 
complexes. The potentials of the [OPh]•+/[OPh] redox couples and the reversibility of the 
corresponding oxidation processes vary markedly. The ligand centred oxidation of unsubstituted 
or meta-substituted complexes processes mainly irreversibly, even at high scan rates. This largely 
limits comparison of different measurements but indicates that the formed radicals are highly 
reactive. Ligands and complexes containing para-isopropyl residues at the phenoxido moieties 
show reversible oxidation processes. Although the potentials of the [OPh]•+/[OPh] redox couple 
in corresponding complexes are far higher than the [OTyr]•+/[OTyr] redox couple found in GO 
(0.01 V), the bis-phenoxido-pincer complexes settle quite well among other known GO model 
systems. For salen type complexes a potential range for the ligand oxidation of 0.83 V[148] to 
0.08 V[137,253] is observed, potentials for TACN-containing complexes lie between 0.44 V[132] and 
−0.10 V,[136] while tripodal complexes show potentials with E½ > 0.80 V and −0.16 V.[115]  
The potentials for the reversible copper reduction of all phenoxido-pincer complexes are 
quite similar but higher than the CuII/CuI potential found in wild type GO (−0.24 V). This shows 
that the CuI state is more favoured for the phenoxido-pincer complexes. 
The ligands LOH2, LOH3OMe and LOH2iPr as well as their complexes exhibit acid base 
properties, which seem to be coupled to reductive electrochemistry. Hence copper complexes of 
bis-phenoxido pincer ligands might be able to act as internal bases in alcohol oxidation. The 
physical properties of some phenoxido pincer complexes are promising although the 
corresponding phenoxyl radical species are not (fully) stabilised. Quantification of the catalytic 
abilities has to be made under reaction conditions in catalytic test reactions (Chapter 7). 
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As outlined in Chapter 2, substituents in varying positions of the phenoxyl ligand 
influence the stability of the formed radicals. Electron donating substituents generally 
stabilise phenoxyl radicals, while withdrawing substituents are destabilising if they are not 
located in ipso-position, the position of highest electron density.[171] Alternatively, radicals 
can be delocalised in extended aromatic systems. This also leads to high stability of the 
generated radicals.[254−256] Aromatic delocalisation seems to reduce the radical reactivity by 
“diluting” the amount of spin density per atom.[166] Some aromatic systems which have been 
successfully applied for phenoxyl radical stabilisation are the phenalene system,[257,258] 
phenoxazine systems and derivatives,[259] flavenoides,[260] fluorenyl systems[261] or quinoide 
systems[42,262].  
In this thesis, three aromatic scaffolds (each consisting of three anellated six-membered 
rings) were chosen to investigate the influence of aromatic radical stabilisation on Galactose 
Oxidase (GO) like phenoxyl radicals (Scheme 24): 9-hydroxyphenalenone, a phenalene 
derivative (cf. 3.2), benzo-[h]-quinoline-10-ol a hetero-phenanthrene (cf. 3.3) and 4-alkoxy-9-
chloro acridine, a hetero aromatic anthracen analogue, (cf. 3.4). 
N
O R




Scheme 24: Aromatic phenoxy type ligands used in this study 9-hydroxyphenalenone (left), 
benzo-[h]-quinoline-10-ol (middle) and 4-alkoxy-9-chloro acridine (right) 
 
 




9-Hydroxyphenalenone (opoH) (Scheme 24, left) was first synthesised by Koelsch et 
al.[263] It is a very interesting system for studying proton tautomerism[264] and tunnelling 
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effects[265]. Complexes of the deprotonated opo− ligand can be easily reduced (Scheme 25) 
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Scheme 25: Resonance structure of opo− and its reduced and oxidised species 
 
From the coordination chemical point of view, opoH can be considered as an 
acetylacetonate (acacH) analogue (Scheme 26). Acac is a frequently used ligand in transition 
metal chemistry and homoleptic, mononuclear complexes of all transition metals (despite of 
Ag and Hg) as well as for most lanthanides and main group metals have been synthesised and 
analysed by XRD. Opo complexes are expected to be very similar to the corresponding acac 
complexes, however, only a few have been reported so far. Most known opo complexes 
contain main group metals like BIII,[266,267,270] SiIV,[271] GeIV[271] or BeII[270]. Additionally, there 
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are a few opo complexes of the f-elements EuIII,[272] ErIII,[273] NdIII [273] and YbIII[273], while 
complexes with d-block metals are known for Mn,[274] Co,[274] Ni,[274] Fe,[274] Cu,[274] Zn,[274] 
Rh,[275] Pd[275] and Pt[275]. The transition metal complexes have been investigated in view of 
their photophysical properties but not with regard to their electrochemical properties, 
complexes of Rh, Pd and Pt have been synthesised and analysed with regard to their 
cytotoxicity, which has been found to be similar to that of Cisplatin, although the originating 




Scheme 26: 9-Hydroxyphenalenone (opoH) (left), a derivative of acetylacetone (acacH) (right) 
 
Haddon et al. synthesised a boron complex containing opo ligands following Eq. 10. 
 
2 opoH + BCl3    [B(opo)2]Cl + 2 HCl                           Eq. 10 
 
The electrochemical properties of the resulting boron complex and other complexes 
containing main group metals have been characterised using cyclic voltammetry and 
spectroelectrochemical EPR spectroscopy.[270,276]  
Reduction of such complexes led to ligand centred radicals. If more than one opo ligand was 
present, the reductive radical generation occurred step by step and each ligand has been found 
to stabilise one unpaired electron (Table 15). Oxidation processes of opo complexes have not 
been reported. 
 
Table 15: Electrochemical potentials of main group metal complexes[a] 
compound E½1 E½2 E½3 Lit. 
[(opo)2Be] −0.73 −1.03 - 270 
[(opo)2B]+ −0.70 −0.99 - 270 
[(opo)3Ge]+ −0.94 −1.06 −1.44 271 
[(opo)3Si]+ −0.95 −1.19 −1.51 271 
[a] All potentials in V vs. FeCp2/FeCp2+ 
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3.2.2 Synthesis and structure analysis of the opo complexes 
 
Complex synthesis was performed by ligand exchange reactions using the 
corresponding acac complexes as precursors (Scheme 27). The acac complexes were 
synthesised as published in Gmelins Handbuch der anorganischen Chemie.[277] The driving 
force of the exchange reactions probably is the far lower solubility of the opo complexes 
which is due to pi-stacking effects of opo in the solid state. Complex synthesis using CuII, 









-  2 acacH
 
Scheme 27: Synthesis of opo complexes 
 
[Cu(opo)2], [Zn(opo)2], and [Fe(opo)3] could be obtained as intensely coloured solids in 
high yields (78-98%). They were characterised by elemental analysis, NMR spectroscopy (or 
EPR spectroscopy respectively), cyclic voltammetry, UV/vis absorption spectroscopy and 
spectroelectrochemical methods. Single crystals of the complex [Fe(opo)3], which is soluble 
in THF, were obtained by slow evaporation and submitted to a XRD study. Unfortunately, the 
obtained crystals were of low quality and lacking reflexes in the range of high 2θ angles. 
Nevertheless, the crystal structure could be solved and refined in the triclinic space group P¯1. 
The refinement parameters - R values and GooF - are not good enough to allow a discussion 
of the crystal structure (for full data see Appendix). The quality of the molecular structure of 
[Fe(opo)3], which is expressed by thermal ellipsoids and standard deviations, is good enough 
to discuss bond distances and angles, the molecular structure of [Fe(opo)3] is depicted in 
Figure 20.  




Figure 20: Molecular structure (thermal ellipsoids at 50% probability level) of [Fe(opo)3], H atoms 
omitted for clarity 
 
The iron atom in the complex [Fe(opo)3] is octahedrally coordinated, the Fe−O distances 
vary from 1.9737(7) Å to 2.0073(5) Å. The angles between two trans-located O atoms deviate 
from the ideal 180° (172.93(3)°, 176.18(2)° and 176.77(2)°). The other O−Fe−O angles vary 
between 85.88(2)° and 95.06(2)°. The bond distances and angles are very similar to those 
reported for [Fe(acac)3][278], proving the high similarity of the two ligands. 
[Cu(opo)2] is expected to be a square planar complex, similar to [Cu(acac)2]. Since no 
single crystals of [Cu(opo)2] could be obtained, the complex geometry was verified by EPR 
spectroscopy. Indeed, very similar spectra were obtained for the opo and acac complex 
(Figure 21). The complexes exhibit isotropic EPR signals with g values of 2.124 for 
[Cu(acac)2] and 2.127 for [Cu(opo)2]. The hyperfine splitting is also slightly different with 
AǀǀCu = 76 G for [Cu(opo)2] and AǀǀCu = 67 G for [Cu(acac)2]. 
100 G
 
Figure 21: X-band EPR spectra of [Cu(opo)2] (solid line) and of [Cu(acac)2] (dashed line) 
both measured in DMF at 298 K 
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High similarity of the EPR signals was also observed for the two FeIII complexes, but 
both spectra are very broad and have isotropic line shape, thus the similarity of the two g 
values is not very indicative for similar complex geometries. [Fe(acac)3] exhibits a g value of 
2.060, while [Fe(opo)3] exhibits a g value of 2.013 (both complexes were measured at 298 K 
in THF solution). 
 
The diamagnetic [Zn(opo)2] complex was analysed by NMR spectroscopy to establish the 
opo coordination (Figure 22). Besides a high field shift of all 1H signals upon coordination the 
hydroxy proton is missing in the complex. The shift differences of free opoH and [Zn(opo)2] 
(all ~ 0.2 ppm) are high for the protons located near the coordinating functions (H2,H8) and 
for the proton lying opposite of the oxo-functions (H5). 
 
Figure 22: 300 MHz 1H NMR spectra of opoH (top) and [Zn(opo)2] (bottom) measured in 
[D6]-acetone 
 
The [Ni(opo)2] complex could not be obtained by the method used for the syntheses of 
iron, copper and zinc complexes (Scheme 27). Reactions using [Ni(acac)2]n as metal source 
resulted in opo compounds with unclear stoichiometry. Elemental analysis of the yellow 
product revealed 61.12% carbon and 3.73% hydrogen content. This lies in between the values 
expected for [Ni(opo)2] (69.54% C and 3.14% H) and [Ni(acac)2]n (45.56% C and 5.35% H) 
and does not fit to the stoichiometry of [Ni(acac)(opo)] (61.07% C and 4.27% H) as well. So 
it has to be concluded that the product is a crude mixture. The problems with [Ni(opo)2] 
synthesis might arise from the structure of the precursor complex. [Ni(acac)2] is known to 
exist in mononuclear form,[279] as binuclear compound,[280] in polymeric chains[281] or even as 
cluster compounds[282]. Such multinuclear complexes contain terminal and bridging acac 
ligands. Since the main driving force for the exchange reaction is assumed to be the virtual 
insolubility of the opo complexes and not decent enthalpy differences, bridging acac ligands 
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might not be replaced and reaction might thus stop half-way, leaving materials with partly 
exchanged ligands. 
In course of this studies single crystals of the nickel precursor from methanol solutions 
used for the opo complex synthesis could be obtained. The polygonal green crystals were 
suitable for XRD; structure solution and refinement in the monoclinic space group C2/c 
revealed the structure of a tetranuclear complex of the formula 
[Ni4(OCH3)4(acac)4(CH3OH)4]. This compound was already reported by Reibenspeis et al. 
The molecular structure of the cubane like cluster is shown in Figure 23.  
 
 
Figure 23: ORTEP-representation (50% probability level) of the Ni−O hetero-cubane cluster; left: 
view on the complete cluster molecule, H atoms were omitted for clarity;[283] right: hetero-cubane with 
detailed view on two Ni-edges atoms 
 
[Ni4(OCH3)4(acac)4(CH3OH)4] is a derivative of [Ni4(OCH3)4(dbm)4(CH3OH)4]2·Et2O 
(dbm = dibenzoylmethane) published by Gatteschi et al. (Table 16).[284] 
 











Ni−Ni-1 3.0645(8) 3.048(3) Ni−Omethoxide-2 2.0620(9) 2.072(9) 
Ni−Ni-3 3.1146(8) 3.111(3) Ni−Ochelate-1 2.0047(9) 1.975(9) 
Ni−Omethanol-1 2.1137(6) 2.127(9) Ni−Ochelate-2 2.0265(7) 2.033(9) 
Ni−Omethanol-2 2.1452(8) 2.16(1) Ni−O−Ni-1 80.77(1) 95.8(4) 
Ni−Omethoxide-1 2.0404(6) 2.02(1) Ni−O−Ni-2 98.99(2) 100.3(4) 
 
In contrast to [Ni4(OCH3)4(dbm)4(CH3OH)4]2·Et2O, [Ni4(OCH3)4(acac)4(CH3OH)4] is 
highly air stable. Freshly prepared crystals of the latter compound were analysed by far 
infrared spectroscopy as well as crystals stored six months exposed to air (crystals became 
Katharina Butsch  3. Aromatic stabilised radicals
65

amorphous powders after three to four months) yielding no differences of IR frequencies 
(Table 17).[285]  
 
Table 17: FIR vibration frequencies for the nickel cluster and [Ni(acac)2] 
cluster / cm−1 [Ni(acac)2] / cm−1 assignment[285] 
677 666 δringdeformation + ν(M−O) 
657 - - 
573 579 ν(M−O) 
564 563 ν(M−O) 
449 452 δ (C−CHO) + ν(M−O) 
420 427 δ (O−M−O) 
337 - - 
290 - - 
250 - - 
 
 
3.2.3 Electrochemical properties 
 
Figure 24 shows cyclic voltammogramms of opoH measured in DMF/nBu4NPF6 at 
different temperatures, Table 18 collects the electrochemical data of all compounds. 
-0.5 -1.0 -1.5 -2.0 -2.5 -3.0
E (V) vs. FeCp2/FeCp2+
20 µΑ
 
-1.0 -1.5 -2.0 -2.5 -3.0
E (V) vs. FeCp2/FeCp2+
25 µA
 
Figure 24: Cyclic voltammogramms of opoH measured in DMF/nBu4NPF6 at 298 K (left) and at 
273 K (right) 
 
Table 18: Electrochemical properties of opo and its iron and copper complexes[a] 
compound E½(Mn+1/Mn) E½(1ligand) E½(2ligand) 
opoH - −1.5 −2.5 
[Fe(opo)3] −1.19 −1.3 −1.6 
[Fe(acac)3] −1.13 −1.4 - 
[Cu(opo)2] −1.14[b] −1.6 −1.9 
[Cu(acac)2] −1.19[c] −2.5 - 
[Zn(opo)2] - −1.4 −2.5 
[Zn(acac)2] - −1.3 - 
[a] From cyclic voltammetry measured in DMF/nBu4NPF6 at 298 K with 100 mV/s scan rate; 
potentials in V vs. FeCp2/FeCp2+ 
[b] Epc = −1.4 V 
[c] Epc = −1.6 V 
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The free ligands and complexes can be reduced twice, while oxidation was not observed 
in the range of 0.0 to 3.0 V. The first reduction process observed for free opoH is clearly 
reversible, while the second reduction occurs partly reversible at 298 K and fully reversible at 
273 K (Figure 24). 
For the complex [Zn(opo)2] no metal centred reduction is expected (ZnII = d10), thus all 
observed reduction processes are ligand centred. While oxidation was impossible (0.0 V to 
3.0 V) two reduction processes were found. The first reduction process occurs reversible, the 
second is irreversible, both potentials are similar to those measured for opoH.  
For [Cu(opo)2] three reductive processes were found (Figure 25), while oxidation of the 
complex could not be observed (0.0 to 3.0 V). The first electrochemical reduction reveals an 
extremely broad peak-to-peak separation and is assigned to the CuII/CuI redox couple. The 
redox potential E½ of about −1.14 V is very low for CuII/CuI, but similar to the corresponding 
redox couple in [Cu(acac)2].[286] Such a potential is indicative for a strongly stabilised CuII 
state (or strongly disfavoured CuI state) as expected for ligands solely providing O atoms for 
coordination (following the HSAB-principle). Furthermore, two ligand centred reduction 
waves were observed at −1.6 V and at −1.9 V, both reduction waves are reversible at 298 K 
and probably due to single reduction of each ligand. 





Figure 25: Cyclic voltammogramms of crystalline [Cu(opo)2] dissolved in DMF/nBu4NPF6 at 
298 K, * marks an adsorption process on the electrode 
 
For [Fe(opo)3] again no oxidation was observed, while three reduction waves were found. 
The first reduction occurred fully reversible and is assigned to the FeIII/FeII redox couple, 
since an equivalent reduction is observed for the corresponding acac complex. Further 
reductions occur irreversibly and ligand centred. Due to the oxidation state of FeIII, the 
potentials of ligand centred reduction are less negative as those for opoH or opo− in 
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complexes of MII. Interestingly, the twofold reduced FeII species [Fe(opo)3]3− cannot be 
reduced further, although three opo ligands should allow a fourth reduction (one reduction 
process per ligand).  
 
 
3.2.4 Absorption spectroscopy and spectroelectrochemistry 
 
The absorption spectra of the opo compounds show typical absorptions for aromatic 
systems. The free ligand opoH exhibits absorptions in the range of 300 to 450 nm attributed to 
pi-pi* transitions (Table 19). For the zinc complex, which does not exhibit charge transfer or d-
d absorption bands, most of the absorption maxima were almost identical to those of opoH. 
This proves that the chromophore is the pi-system of opoH (or opo−). For CuII most absorption 
bands are similar to those of opoH, while an absorption band at 481 nm is additionally 
observed. The absorption band is presumably due to a charge transfer. Furthermore, a very 
broad and weak long-wavelength absorption is observed at 655 nm, which is a typical CuII d-d 
transition band. This ligand field absorption is similar to that found for [Cu(acac)2].  
The spectrum of [Fe(opo)3] is also dominated by the pi-pi* transitions of the opo ligand, 
however the absorption bands are markedly shifted from those of the free ligand opoH and 
additional bands at 484 nm and 568 nm were observed, which could both not be found for the 
corresponding acac complex.  
The measured extinction coefficients ε for opo compounds all seem to be very small, 
which might be due to incomplete dissolution since all the compounds exhibit extremely poor 
solubility.  
 
Table 19: Absorption data of opo compounds 
compound λ / nm (ε / Lmol−1cm−1) solvent 
opoH 350 (1231), 393 (331), 413 (607), 428 (502), 438 (719), 451 (131) DMF 
[Cu(opo)2] 294 (5907), 354 (1236), 393 (331), 414 (494), 430 (456), 439 (569), 453 
(198), 481 (56), 655 (7) 
DMF 
[Cu(acac)2] 376sh (274), 639 (56), 655 (13) DMF 
opoH 235 (950), 257 (607), 265 (567), 350 (1228), 393 (296), 414 (538), 430 
(397), 439 (607) 
THF 
[Fe(opo)3] 263sh (1155), 331 (590), 375 (907), 428 (324), 439 (350), 455 (363), 484 
(372), 568 (31) 
THF 
[Fe(acac)3] 273 (28449), 353 (4154), 435 (4193) THF 
opoH 350 (1230), 393 (333), 413 (606), 428 (504), 438 (717), 451 (133) CH3OH 
[Zn(opo)2] 351 (1012), 393 (239), 414 (440), 429 (348), 438 (504), 453 (67) CH3OH 
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To allow further assignment of absorption bands and to characterise the complex species 
obtained by electrochemical reduction, spectroelectrochemical measurements were carried 
out. Upon the first reduction (CuII/CuI) the spectrum is almost identical to the parent spectrum 
(Figure 26).  

















Figure 26: Absorption spectra of [Cu(opo)2] recorded during reduction at −2.0 V in 
DMF/nBu4NPF6 solution 
 
Upon further reduction (at −2.0 V), the pi-pi* bands are largely modified. The structured 
absorption band at about 350 nm is blue-shifted (to 338 nm), the strong band at 295 nm is 
more than doubled in intensity and the structured absorption band in the visible range is 
broadened and red-shifted showing the long-wavelength maximum now at 480 nm 
(Figure 26). Very probably these changes indicate the formation of a [CuI(opo2−•)(opo−)] 
complex. The offset of the spectra in the low-energy end (700 nm) might be due to 
precipitation of generated species in DMF solution, by deposition of side products at the 
platinum electrode or might be a very broad and weak band caused by dimerisation of radical 
species.[287] 


































Figure 27: Absorption spectra of [Fe(opo)3] recorded during reduction at −1.3 V (left) and at 
−2.5 V (right) in THF/nBu4NPF6 solution 
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The absorption spectra of [Fe(opo)3] detected upon reduction cannot be interpreted easily. 
At −1.3 V the compound still exhibits the typical absorption bands for opo complexes, 
spectral changes are found for the long-wavelength absorption band, which becomes less 
intense as well as the absorption band at 370 nm, while a new absorption band at 294 nm 
rises. Upon reduction at −2.5 V these processes continue, only the band at 472 nm again 
increases in intensity as well as a new UV absorption band at 260 nm. After reduction to 
−2.5 V the absorption bands of [Fe(opo)3] have largely changed without showing any new 
absorption in the visible range. It has to be considered that the main consequence from 
electrochemical reduction is complex degradation. Generation of a radical species should 
have been accompanied by a similar long-wavelength band as found for [Cu(opo)2]. This 
conclusion is further supported by electrochemical measurements, which showed at least one 
reversible ligand centred reduction for the copper complex, but no reversible ligand centred 
reduction for the iron complex. 
 
 




Benzo-[h]-quinoline-10-ol (bqOH) is a derivative of benzo-[h]-quinone and generally 
speaking, a phenanthrene (Scheme 28). BqOH and corresponding complexes [M(bqO)n] 
should be able to form phenoxy radicals upon oxidation, while the aromatic scaffold might 







Scheme 28: Aromatic systems with phenanthrene scaffold 
 
So far reports on the bqOH ligand and its complexes are scarce. Its BeII complex[288] and 
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its ZnII complex[289] have been used as light emitting diodes and their luminescence properties 
have been analysed.[288,289] Furthermore, an AuIII complex [Au(bqO)2Cl][290] and a CuII 
complex [Cu(bqO)2][291] are reported. 
In the present study the bqOH copper complexes [(bqO)2Cu], [(bqOH)CuCl2] and 
[(bqOH)CuBr2] were synthesised and their electrochemical properties were analysed. The 
bqO ligand system is expected to be able to form radicals through oxidation or reduction, 












N O N O




Scheme 29: Redox states of bqO− 
 
 
3.3.2 Synthesis of bqOH complexes 
 
Synthesis of complexes containing bqOH (or bqO−) as a ligand is quite simple. A suitable 
metal source (CuCl2, CuBr2 or Cu(OAc)2 respectively) and bqOH, both dissolved in 
methanol, are mixed without additional base. The products [Cu(bqOH)Cl2], [Cu(bqOH)Br2] 
and [Cu(bqO)2] are obtained as brown precipitates in moderate yields (50-70%) and show 
extremely poor solubility in most solvents (even if very polar solvents such as MeCN or DMF 
are used). Thus crystallisation of the bqOH complexes failed. Instead, the three complexes 
were analysed by elemental analysis, EPR spectroscopy, cyclic voltammetry, absorption 
Katharina Butsch  3. Aromatic stabilised radicals
71

spectroscopy and spectroelectrochemical methods. 
 
 
3.3.3 EPR spectroscopy 
 
EPR spectra of the copper compounds were measured on solid samples at 298 K. All 
complexes exhibit axial spectra with g|| > g⊥ and only marginal variations in g values and g 
anisotropy (∆g). The observed g values lie in the range expected for CuII complexes 
(Table 20). The signal shape indicates the complex geometries to be either square planar or 
octahedral elongated in the solid state. 
 
Table 20: X-band EPR data for the three bqOH complexes[a] 
compound gav[b] g|| g⊥ ∆g[c] symmetry[d] 
[Cu(bqO)2] 2.113 2.233 2.053 0.180 SQ (or OE) 
[Cu(bqOH)Cl2] 2.112 2.229 2.053 0.176 SQ (or OE) 
[Cu(bqOH)Br2] 2.104 2.220 2.056 0.164 SQ (or OE) 
[a] Spectra were measured on solid samples at 298 K 
[b] gav = averaged g value = (g|| + 2 g⊥) / 3; 
[c] ∆g = g|| − g⊥ 
[d] SQ = square planar, OE = octahedral elongated 
 
 
3.3.4 Electrochemical properties 
 
Electrochemical properties were analysed by cyclic voltammetry, data are summarised in 
Table 21 and a representative plot is shown in Figure 28. For the copper complexes the first 
reduction occurs reversibly around 0.2 V and can be assigned to the CuII/CuI redox couple. 
The potentials increase along the series of the coligands Br− < Cl− < RO− and show very high 
potentials which lie close to the oxidation waves of the complexes. Therefore the CuII/CuI 
couple is detected best upon starting from the CuI side (Figure 28). 
 
Table 21: Summary of the electrochemical data of bqOH and the three bqOH copper complexes[a] 
compound E1/2 oxidation E1/2 CuII/CuI Epc reduction 
bqOH 0.63(irr)[b] - −1.50 
[Cu(bqO)2] 0.62 0.36 −1.13 
[Cu(bqOH)Cl2] 0.55 0.23 −1.49 
[Cu(bqOH)Br2] 0.74 0.16 −1.10 
[a] From cyclic voltammetry in MeCN/nBu4NPF6 solutions; potentials in V vs. FeCp2/FeCp2+ 
[b] Epa 
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Further reduction of the complexes occurs irreversibly at less negative potentials as 
observed for the free ligand. The two complexes [Cu(bqOH)Cl2] and [Cu(bqOH)Br2] show 
further irreversible reduction at more negative potentials. The decomposition is surely 
induced by halogenide abstraction upon electrochemical reduction and followed by typical 
subsequent reactions.[292−294] The copper complexes can be oxidised reversibly in a similar 
range as the free ligand. 
0.8 0.6 0.4 0.2 0.0 -0.2




Figure 28: Cyclic voltammogramm of [Cu(bqOH)Cl2] in MeCN/nBu4NPF6 at 298 K measured 
with 100 mV/s scan rate 
 
 
3.3.5 UV/vis absorption spectroscopy 
 
Characterisation of the copper complexes and bqOH was carried out in MeCN solution at 
298 K in the range of 200 to 1000 nm, Table 22 summarises the absorption maxima. 
 
Table 22: Absorption data of the bqOH compounds[a] 
compound λ / nm (ε / Lmol−1cm−1) 
bqOH 304 (3754), 357 (5667), 369 (6382) 
[Cu(bqO)2] 352 (4710), 371 (4603), 413 (4602) 
[Cu(bqOH)Cl2] 354 (1868), 370 (1907), 410 (1390)  
[Cu(bqOH)Br2] 312sh (2502), 382 (2530), 439sh (1422) 
 
[a] Measured in MeCN at 298 K 
 
The absorption bands for the free bqOH ligand lie in the range of 300 to 370 nm and are 
assigned to pi-pi* transition. In the copper complexes similar pi-pi* transition is observed, but 
complex absorption bands are shifted relative to the bands of the free ligand. Additional, there 
are absorption bands at 410 to 440 nm found for the copper complexes, which are assigned to 
be CT absorption bands. Due to the very low solubility of the complexes no long-wavelength 
bands (d-d absorption bands) could be detected. The determined extinction coefficients ε are 
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small, presumably due to the low solubility of the bqO compounds, which might have been 
dissolved incompletely.  
 
To characterise the oxidised and reduced species of the parent complexes [Cu(bqOH)Cl2] and 
[Cu(bqOH)Br2] spectroelectrochemical measurements in MeCN/nBu4NPF6 solution were 
performed (Table 23 and Figure 29). 
 
Table 23: Absorption data of spectroelectrochemical measurements[a] 
compound oxidation parent (CuII) CuII→CuI 
[Cu(bqOH)Cl2] 240, 389, 525 211, 238, 370 214, 240, 271sh 
    
[Cu(bqOH)Br2] 236, 294, 325, 623 208, 244, 273, 312sh, 382 
206, 239, 269sh, 309, 
370, 

















Figure 29: Absorption spectra of [Cu(bqOH)Br2] recorded upon electrochemical oxidation 
(+1.5 V) in MeCN/nBu4NPF6 solution 
 
For both complexes absorption bands in the long-wavelength range, emerging upon 
oxidation can be assigned to copper radical LMCT and are indicative for ligand oxidation. For 
[Cu(bqOH)Cl2] a band at 525 nm (19050 cm−1) is detected, while the [Cu(bqOH)Br2] 
complex exhibits a band at 623 nm (16050 cm−1). The difference of 3000 cm−1 in the 
absorption maxima of both species is due to the different coligands, which influence the 
charge transfer energy of the ligand centred radical: The energy for the LMCT absorption 
band reflects the energy gap between orbitals localised at the metal ion and those localised at 
the ligand site. Interactions of soft acids and soft bases (following the HSAB principle) are 
ideal, since their orbitals lie closer than those of soft acids and hard bases. The softer 
halogenide (the softer Lewis base) is the bromido coligand and as a consequence the frontier 
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orbitals in this complex lie closer and the energy of the charge transfer absorption is smaller 
than for the chlorido coligands. The absorption band thus is markedly red-shifted.  
 
 




A third ligand type providing an aromatic scaffold for radical delocalisation is the 
anthracen derivative acridine (Scheme 30).  
anthracene acridine 9-chloro-4-alcoxy acridine
N NCl
OR
R = H, CH3
 
Scheme 30: Aromatic systems with phenanthrene scaffold 
 
Complexes containing this type of ligand are expected to form radical species upon 
oxidation (and reduction), with the unpaired electron delocalised in the aromatic scaffold and 


































Scheme 31: Redox states of acrO− 
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There are reports on some symmetric acridine derivatives possessing an O,N,O donor set 
which were used as ligands in transition metal coordination using CoII, NiII, ZnII and CuII.[295] 
The asymmetric acridine derivative 9-chloro-4-methoxy acridine (acrOMe) has already been 
synthesised,[296] but not used as ligand, yet. 
 
 
3.4.2 Synthesis and structure of ligands and complexes 
 
9-chloro-4-methoxy acridine (acrOH) and 9-chloro-4-methoxy acridine (acrOMe) were 
synthesised by a Jourdan-Ullmann coupling reaction followed by a cyclisation reaction 
(Scheme 32).[295c,297] For the Jourdan-Ullmann coupling reaction two different types of 
starting materials can be used. Due to the chosen isolation method, which is a pH dependent 
precipitation the ligands were obtained in high purity but low yields (25%). The second 
reaction step of the synthesis is a cyclisation induced by POCl3, leading to the 9-chloro-4-
methoxy-acridine (acrOMe). AcrOMe can be transformed into the 9-chloro-4-hydroxy 


























Scheme 32: Overview on the different steps of the acridine ligand synthesis 
 
The resulting ligands acrOMe and acrOH were reacted with CuCl2 in 1:1 stoichiometry 
and also in 2:1 ratio with Cu(OAc)2. The resulting copper complexes were found to be 
[Cu(acrOMe)Cl2]2, [Cu(acrOH)Cl2]2, [Cu(acrO)2] and [Cu(acrOMe)2](OAc)2. The complexes 
are sparingly soluble and exhibit black ([Cu(acrO)2]), brown ([Cu(acrOMe)Cl2]2 and 
[Cu(acrOH)Cl2]2) or green ([Cu(acrOMe)2](OAc)2) colour. The complexes were analysed by 
elemental analysis and EPR spectroscopy, detailed electrochemical, spectroelectrochemical 
and absorption measurements were carried out as well. 
In Scheme 33 the presumed coordination geometries of the mononuclear complexes or 
complex fragments are depicted. While the complexes containing chlorido coligands were 
found to be binuclear compounds, the complexes containing two acridine ligands are η2 
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coordinated. Assuming a coordination geometry similar to those of reported copper 
phenoxazine complexes,[298] the compounds should be square planar with tetrahedral 
distortion. The complexes [Cu(acrOMe)2](OAc)2 and [Cu(acrO)2] shown in Scheme 33 are 
represented as cis isomers, although this geometrical information could not be obtained by the 
measurements performed. Regarding the high sterical demand of the acridine scaffold, it can 






























[Cu(MeOacr)Cl2]2 [Cu(HOacr)Cl2]2 [Cu(MeOacr)2](OAc)2 [Cu(Oacr)2] 
 




3.4.3 EPR spectroscopy 
 
EPR spectra of the copper complexes were measured on solid samples at 298 K and on 
glassy frozen MeCN solutions at 110 K. All complexes exhibit axial spectra with g|| > g⊥ and 
no indication of a half field signal. All observed g values lie in the range expected for CuII 
complexes (Table 24), a closer look reveals small differences in g values and g anisotropy 
(∆g).  
The complexes [Cu(acrOMe)Cl2]2 and [Cu(acrOH)Cl2]2 in the solid state exhibit ill 
resolved spectra, which are presumably due to chlorido bridged dimers of square pyramidal 
geometry.[230,231,240] The solid sample of [Cu(acrOMe)2](OAc)2 exhibits a resolved gǀǀ 
component with a coupling constant (A||Cu) of 148 G (Figure 30), which is typical for 
mononuclear copper complexes. The corresponding acrO− complex [Cu(acrO)2]2 does not 
exhibit a spectrum with hyperfine splitting, which indicates a binuclear compound. Thus, a 
coordination with bridging deprotonated oxido functions might be present. 







Figure 30: X-band EPR spectrum of [Cu(acrOMe)2](OAc)2 in the solid state at 298 K 
 
Table 24: X-band EPR data of copper complexes[a] 
compound gav g|| g⊥ A||Cu ∆g state / T 
[(acrOMe)CuCl2]2 2.188 2.301 2.131 - 0.170 solid / 298 K 
[(acrOH)CuCl2]2 2.083 2.240 2.005 - 0.235 solid / 298 K
[Cu(acrOMe)2](OAc)2 2.139 2.261 2.078 148 0.183 solid / 298 K
[Cu(acrO)2]2 2.212 2.355 2.141 - 0.214 solid / 298 K
       
[(acrOMe)CuCl2(MeCN)2] 2.139 2.323 2.047 141 0.276 MeCN / 110 K 
[(acrOH)CuCl2(MeCN)2] 2.133 2.316 2.042 147 0.274 MeCN / 110 K 
[Cu(acrOMe)2](OAc)2 2.134 2.305 2.049 150 0.256 MeCN / 110 K 
[Cu(acrO)2(MeCN)2] 2.115 2.272 2.036 - 0.236 MeCN / 110 K 
[a] gav = averaged g value = (g|| + 2 g⊥) / 3; ∆g = g|| − g⊥ 
 
When dissolving the solids in MeCN and measuring the glassy frozen solutions at 110 K, 
axial EPR signals were observed. This indicates presence of mononuclear species, which 
presumably are solvent complexes [(acrO)CuCl2(MeCN)2].[226,241−244] For the complex 
[Cu(acrOMe)2](OAc)2, which is already mononuclear in the solid state, incorporation of 
MeCN is possible and would explain the differences between spectra measured on solid 
samples and on MeCN solutions. The resolved coupling constants (A||Cu) lie at about 150 G 
for the g|| component and are typical for square-based pyramidal (SP), tetragonally elongated 
octahedral (OE) or trigonal bipyramidal (TBP) configured CuII complexes.[226,241−244] 
 
 
3.4.4 Electrochemical properties 
 
The free ligands and copper complexes were characterised by cyclic voltammetry (Table 
25). The copper complexes all show a reversible reduction wave around 0.15 V attributed to 
the CuII/CuI redox couple. Markedly lower, at −0.31 V, lies the corresponding potential of 
[Cu(acrO)2] (Figure 31). The difference from the potential of [Cu(acrOMe)2](OAc)2 can be 
explained by the neutral charge of [Cu(acrO)2] (deprotonated ligands). Further reduction of all 
complexes as well as first reduction of the free ligands occurs irreversibly around −1.4 V.  
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Figure 31: Cyclic voltammogramms of [Cu(acrO)2(MeCN)2], measured at 298 K with 100 mV/s scan 
rate in MeCN/nBu4NPF6 solution 
 
Table 25: Summary of electrochemical data[a] 
compound Epa E½ CuII/CuI Epc 
acrOMe 1.04 - −1.44 
[Cu(acrOMe)Cl2(MeCN)2] 1.01 0.18 −1.46 
[Cu(acrOMe)2](OAc)2 0.76, 0.94 0.14 −1.30 
acrOH 0.78, 1.30 - −1.15 
[Cu(acrOH)Cl2(MeCN)2] 0.54[b], 0.98 0.13 −1.40 
[Cu(acrO)2(MeCN)2] 0.17[b] −0.31 −1.40 
[a] From cyclic voltammetry in MeCN/nBu4NPF6 solutions; potentials in V vs. FeCp2/FeCp2+ 
[b] Reversible oxidation potential is given as E½ 
 
The oxidation properties of the different systems vary. For the complexes oxidation 
occurs between 0.17 V ([Cu(acrO)2(MeCN)2]) and 1.01 V ([Cu(acrOMe)Cl2(MeCN)2]). Since 
a copper centred oxidation is not expected (CuII/CuIII) this electron transfer is assigned to a 
ligand centred oxidation. For the free ligands acrOMe and protonated acrOH these waves 
were observed at markedly higher potentials, while for [Cu(acrOH)Cl2(MeCN)2] and 
[Cu(acrO)2(MeCN)2] these waves were reversible and at rather low potentials, the oxidation 
occurs irreversibly for the free ligands and complexes [Cu(acrOMe)Cl2(MeCN)2] and 
[Cu(acrOMe)2](OAc)2. Thus the binding situation in [Cu(acrOH)Cl2(MeCN)2] and 
[Cu(acrO)2(MeCN)2] strongly stabilises the generation of phenoxy radicals. This is further 
substantiated by UV/vis and spectroelectrochemical experiments.  
 
 
3.4.5 UV/vis absorption spectroscopy and spectroelectrochemistry 
 
Absorption measurements on all compounds were performed in MeCN solution. Due to 
the large aromatic scaffold of the acridine system, the absorption spectra of all compounds 
show very intense and characteristic absorption bands (Table 26) attributed to pi-pi* 
transitions. The bands recorded for the two ligands differ slightly (red-shifted for acrOH) and 
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also the copper complexes reveal similar absorption maxima, but different absorption 
intensities, compared to their free ligands. The spectrum of [Cu(Oacr)2(MeCN)2] deviates 
markedly from the spectrum of acrOH, thus underlining that the ligand is deprotonated in 
contrast to the spectrum of [Cu(Oacr)Cl2(MeCN)2] which resembles strongly that of acrOH. 
For the copper complexes additional absorption bands were observed in the visible range. 
Their intensities are indicative for LMCT transitions. 
 
Table 26: Absorption data of acridine ligands and complexes[a] 
compound λ / nm (ε / Lmol−1cm−1) 
acrOMe 297 (12842), 309 (19817), 341sh (5042), 357sh (12186), 372 (20807), 
392 (21627) 
acrOH 299 (53240), 312 (79816), 362sh (49122), 377 (82916), 395 (84147) 
[Cu(acrOMe)Cl2(MeCN)2] 297 (8075), 309 (10587), 344sh (5428), 360 (9348), 373 (12564), 392 
(13803), 406sh (4724) 
[Cu(acrOH)Cl2(MeCN)2] 300 (14121), 310 (15852), 358 (9755), 375 (10695), 393 (9884), 460 
(4776), 534 (2975) 
[Cu(acrOMe)2](OAc)2 297 (7566), 309 (9094), 342sh (2593), 360sh (4199), 373 (6867), 391 
(7256), 407sh (290),  
[Cu(acrO)2(MeCN)2] 272 (15179), 391 (4761), 444 (4590), 474 (5066), 511 (5506), 572 
(3978), 631 (3842) 
[a] Measured at 298 K in MeCN solution 
 
Since the parent species of all complexes were successfully characterised by absorption 
spectroscopy, oxidised and reduced species were analysed by absorption spectroscopy as well. 
Therefore spectroelectrochemical measurements were carried out on samples dissolved in 
MeCN/nBu4NPF6 solution. The obtained data are summarised in Table 27. 
 
Table 27: Absorption data of oxidised and reduced complexes[a] 
compound oxidation parent (CuII) CuII→CuI reduction 
acrOMe 223, 242, 269, 




- 224, 263, 338, 353, 
380sh, 400, 421, 444 
     
[Cu(acrOMe) 
Cl2(MeCN)2] 
218, 253, 297, 





219, 253, 297, 
310, 341sh, 
359sh, 376, 394 
224, 262, 324sh, 338, 
354, 378sh, 400sh, 
420, 445 
     
[Cu(acrOH) 
Cl2(MeCN)2] 
228, 254, 308, 





254, 297, 310, 
359sh, 377, 394 
223, 266, 337, 355, 
372, 421, 445, 477sh 
     
[Cu(acrOMe)2] 
(OAc)2 
235, 270, 328sh, 





218, 255, 298, 
310, 361sh, 376, 
393, 
224, 263, 342, 355, 
400sh, 420, 443 
     
[Cu(acrO)2 
(MeCN)2] 




260, 353, 415, 
441sh 
260, 353, 415, 441sh 
[a] Spectra were recorded using MeCN/nBu4NPF6 solutions at 298 K 
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During the reduction of CuII to CuI only slight changes (mainly in absorption intensity) of 
the absorption bands assigned to pi-pi* transition can be observed. The main difference 
between parent and reduced species is found in between 340 nm and 400 nm. The absorption 
bands in this region (three maxima and one shoulder) change their intensity and two new 
absorption bands (400-450 nm) appear in line with the assignment of LMCT transitions. The 
red shift of the long-wavelength absorption might be explained by chloride abstraction upon 


















Figure 32: Absorption spectra recorded upon reductive spectroelectrochemistry (−2.0 V) of 
acrOMe in MeCN/nBu4NPF6  
 
Oxidation of the complexes also leads to an additional long-wavelength absorption band 
at about 450 to 500 nm, which is a broad (unresolved) band (Figure 33). The absorption band 
can be assigned to ligand centred oxidation generating a phenoxyl radical, which is 
delocalised in the aromatic scaffold of the acridine system. Therefore, the charge transfer 
between radical and copper ion occurs at longer wavelengths as found for charge transfer 


































Figure 33: Absorption spectra recorded upon oxidative spectroelectrochemistry (+1.0 V) of 
[Cu(acrOMe)Cl2(MeCN)2] (left) and [Cu(acrOH)Cl2(MeCN)2] (right) in MeCN/nBu4NPF6 
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3.5 Radicals in aromatic ligands - conclusions 
 
While reduction of opo complexes is possible and goes along with radical formation as 
shown in detail for [Cu(opo)2], oxidation of the opo complexes and opoH is not feasible up to 
very high potentials (> 3.0 V vs. FeCp2/FeCp2+). [Cu(opo)2] therefore does not exhibit the 
desired physical properties for application of [Cu(opo)2] in catalytic oxidation reactions and is 
not suitable as GO model system.  
Investigations on bqOH revealed that the complexes [Cu(bqOH)Cl2], [Cu(bqOH)Br2] and 
[Cu(bqO)2] can be oxidised. These ligand centred oxidations occur on potentials, which are 
typical for GO model systems and result in phenoxyl radical species as shown by 
spectroelectrochemical measurements. The radical species seem to be stabilised by aromatic 
delocalisation, as can be inferred from the energies of charge transfer absorption. While the 
applied coligands do not influence the electrochemical oxidation, reduction processes are 
strongly affected. Reduction occurs irreversibly and the coligands can be considered to 
influence the complex stability. E.g. the corresponding bromido complex is far less stable as 
can be inferred from spectroelectrochemical investigation. For the use of bqOH complexes in 
oxidation catalysis this instability is meaningless, since the reaction medium is not reductive. 
Thus bqOH and bqO− complexes seem to be potential GO model systems and their suitability 
as oxidation catalysts have to be determined under reaction conditions. Therefore catalytic test 
reactions were performed, results are presented and discussed in Chapter 7. 
Complexes of the acridine ligands acrOMe and acrOH supposedly posses strongly 
distorted geometries. As a result, the copper centred reduction (CuII/CuI) is facilitated. The 
compounds [Cu(acrOMe)Cl2(MeCN)2], [Cu(acrOMe)2](OAc)2 and [Cu(acrOH)Cl2(MeCN)2] 
have a copper potential lying around 0.1 V (the CuII state is disfavoured, eventually due to a 
nearly tetrahedral ligand field), while in case of [Cu(acrO)2(MeCN)2] the copper potential lies 
at −0.3 V, which clearly indicates a disfavoured CuI state (presumably due to the two 
negatively charged acridine ligands). Nevertheless, all copper potentials lie in the relevant 
range for GO model systems. A ligand centred oxidation process can be observed for all 
complexes at rather low potential (below 1.0 V). Again the [Cu(acrO)2(MeCN)2] complex 
earns special focus, since it exhibits the lowest acridinyl generation potential (below 0.2 V). 
Therefore [Cu(acrO)2(MeCN)2] settles among highly efficient GO model catalysts. Additional 
spectroelectrochemical investigations revealed that the radical, generated upon oxidation, is 
delocalised in the aromatic scaffold. This should result in a remarkable stabilisation of the 
radical species. The acridine complexes thus also seem to be potential GO model systems and 
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their suitability as oxidation catalysts has to be investigated under catalytic conditions. Test 
reactions using acrOMe and acrOH were performed and the results are presented and 
discussed in Chapter 7. 
The results on bqOH and acrOMe as well as acrOH verify that aromatic stabilisation of 
phenoxyl radicals in copper complexes is possible. The results suggest that aromatic 
delocalisation (studied for systems containing three aromatic six-membered rings) has almost 
the same influence on the physical properties of phenoxyl radicals as the established ortho 
and para substituted systems. Interestingly, not all aromatic scaffolds exhibit the same 
stabilisation effect. This has to be inferred from the electrochemical potentials of the ligand 
oxidation as well as from the reversibility of the oxidation processes. The most efficient 
aromatic system seems to be the linear acridine scaffold, followed by the benzo-[h]-quinoline, 
while the phenalenon system exhibits almost no positive effect. 
First of all, this means that the state of annulation determines the stabilising effect. High 
annulated systems (phenalene) are less effective than medium (phenanthren) or low annulated 
(acridine) systems. To find a reason for this astonishing fact, one might meet with the 
differing ionisation potentials of the aromatic systems. The ionisation potential of anthracene 
is the lowest at 7.43 eV[299], while the ionisation potentials of phenanthrene and phenalenone 
are pretty similar (8.19 eV[299] vs. 8.20 eV[300]). Hence, it has to be concluded that the 
ionisation potential does not explain the extraordinary electrochemical behaviour of opoH and 
its complexes. Electrochemical studies on phenalenine systems (e.g. 1,2-bis-(phenalen-1-
ylidene)ethene) show that these close derivatives can be oxidised in the same range as 
phenanthrenes (0.51 V), which makes the lacking oxidation of opo systems even more 
puzzling.[301] 
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4.0 Copper complexes with salen type 




Salen (2,2'-Ethylenebis(nitrilomethylidene)diphenol) (Scheme 34) and salen type ligands 
are known to be highly suitable for the synthesis of transition metal complexes. Many of them 
have been studied with regard to their catalytic properties, especially in oxidation catalysis. 
Therefore it is not surprising that copper complexes bearing salen type ligands have already 
been used in oxidation catalysis similar to Galactose Oxidase (GO).[84,137−140,302] Some general 







Scheme 34: Salen (2,2'-Ethylenebis(nitrilomethylidene)diphenol) 
1. The coordination geometry provided by salen type ligands varies from square planar to 
tetrahedral, depending on the flexibility of the linker (Scheme 34). 
2. Salen type complexes form phenoxyl radicals upon oxidation. In principle, most copper 
salen type complexes are able to form even two phenoxyl radicals. The monoradical 
species is EPR silent (coupling of the unpaired electron of the radical site to d9 CuII) 
while the biradical species exhibits a signal corresponding to an organic radical.[137,258] 
3. Salen type ligands bearing amine instead of imine functions (sometimes referred to as 
“reduced” salen ligands or “salan” ligands) are more easily oxidised, but the radical 
species show less intense charge transfer absorption bands.[71] 
4. Some copper salen type complexes have been found to be highly active (turn over 
number of 1300 at 295 K in 20 h)[84,302] in catalytic alcohol oxidation, even oxidation of 
non activated alcohols such as methanol[148,303] is possible. 
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The salen type complexes reported so far contain ortho- and para-substituted phenol 
moieties and thus stabilise the generated phenoxyl radicals. Non-stabilised radical species 
have been examined in benzyl alcohol oxidation and have been reported to lack any 
activity.[84] The influence of different linkers and their varying flexibility has not been 
considered in this context, although it is known that the linker affects the complex geometry. 
Hence it influences the coupling between the unpaired electrons of the copper ion and the 
radical and therefore the catalytic properties of the complexes. 
In this work copper complexes of chiral salen type ligands (all R,R) were examined 
(Scheme 35). They differ concerning the ortho and para positioned substituents and the 
character of the N-atom (imine; sec. amine; tert. amine) while in each case cyclohexane is the 
linking group. The sp2 carbon atom of the imine function is furthermore modified by 




























Scheme 35: Applied salen type ligands[304]  
 
The phenol cores are substituted with either phenyl groups, fluorine atoms or tertbutyl 
groups. Fluorine atoms and alkyl groups are expected to cause stabilisation by their electron 
donating ability (fluorine possesses a +M and a –I effect), while the stabilising ability of 
phenyl groups is unequivocal, since a +I and a –M effect is attributed to this group. The salen 
type ligands applied in this thesis (Scheme 35) have been synthesised by Thomas Günther 
working in the group of Prof. Dr. A. Berkessel (Institute of Organic Chemistry, University of 
Cologne).[304] 
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4.2 Synthesis and structure of the copper complexes 
 
Complex synthesis was carried out using the standard procedure reported for copper salen 
complexes using Cu(OAc)2 as metal source (1:1 stoichiometry) in methanol solution. The 
complexes [((NMe)2saltertBu4)Cu] (green), [((NH)2sal)Cu] (brown), [((NH)2salPh2)Cu] 
(green), [(Me2salF4)Cu] (green), [(Ph2sal)Cu] (brown) and [(salPh2)Cu] (off-white) were 
synthesised in high to moderate yields (79% to 33%) and in high purity as inferred from 
elemental analyses. All complexes were further analysed by EPR spectroscopy, absorption 
spectroscopy, cyclic voltammetry and spectroelectrochemical methods.  
The complex [(Me2salF4)Cu] could be crystallised from methanol and single crystals 
suitable for XRD were obtained. The crystal structure was solved and refined in the 
monoclinic space group C2 (Figure 34, Figure 35 and Table 28). In the crystal the copper 
complexes are stacked along the c axis with Cu...Cu distances of 3.820(1) Å and 3.865(1) Å. 
These distances are markedly longer than a covalent Cu−Cu bond as inferred from the sum of 
covalent radii (2.556 Å). No intermolecular interaction such as hydrogen bridges were found 
in the crystal structure. The stacks leave tunnels in the structure along the c axis, each of them 
has an ellipsoid cross-section and is coated with fluorine atoms. The residual electron density 
found in these tunnels is due to small amounts of solvent molecules and the solvent correction 
tool of platon (SWAT) was used. Assignment and refinement of the solvent molecules were 
impossible due to statistic distribution of the molecules. 
 
Figure 34: Packing of [(Me2salF4)Cu] in the crystal structure, H atoms are omitted for clarity 





Figure 35: ORTEP representation (50% probability level) of the molecular structure of 
[(Me2salF4)Cu], H atoms are omitted for clarity 
 
Table 28: Crystal structure and refinement data of [(Me2salF4)Cu] 
formula C22H20N2O2F4Cu Flack x −0.02(2) 
f. w. /g mol–1 483.94 refl. coll. 23671 
crystal system monoclinic data / restr. / param. 7921 / 1 / 425 
space group C2 (No. 5) h, k, l −24 < h < 24 
crystal shape needle  −21 < k < 21 
colour green  −13 < l < 14 
a /Å 19.090(3) goof on F2
 
0.610 
b /Å 16.624(3) Rint 0.0945 
c /Å 11.362(2) final R indices R1 = 0.1387 
β /° 101.06(1) [I>2σ(I)] wR2 = 0.0477 
volume /Å3, Z 3539(1) / 6 R indices (all data) R1 = 0.1474 
F(000) 1482  wR2 = 0.1588 
density / g cm−1 1.362 largest diff. p. a. h. /e Å–3 0.298 and −0.103 
abs. coeff / mm−1 0.976   
 
It has been reported that spin-spin coupling (antiferromagnetic) between the unpaired 
electrons of the radical site and the copper ion is ideal if the Cu−O−C angle is found to be 
about 130° and the plane angle of the copper coordination plane and the phenol ring plane is 
about 90° (Scheme 36).[71] In [(Me2salF4)Cu] the Cu2−O3−C33 angle is found to be 
127.02(1)°, while the angle between coordination plane and phenol ring is only 7.61(1)°. Thus 
only the first geometrical requirement for an efficient antiferromagnetic coupling is observed. 
Additional bond distances and angles of [(Me2salF4)Cu] are shown in Table 29. 
S = 1 S = 1S = 0
ferromagnetic ferromagneticantiferromagnetic
Cu_O_C ~ 130° Cu_O_C ~ 130° Cu_O_C = 180°xy_OPh = 0° xy_OPh = 90° xy_OPh = 0-90°
 
Scheme 36: Orbital overlap between phenoxy moiety and copper ion for different Cu−O−C angles and 
xy-plane/phenol-ring dihedral angles[71] 
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Table 29: Selected distances and angles in the crystal structure of [(Me2salF4)Cu] 
distances / Å   angles / °  
Cu2−N2 1.9572(4)  N2−Cu2−N3 87.432(8) 
Cu2−N3 1.9505(3)  O2−Cu2−O3 84.870(8) 
Cu2−O2 1.8552(3)  O2−Cu2−N2 93.738(8) 
Cu2−O3 1.8316(3)  O3−Cu2−N3 94.064(8) 
   Cu2−O3−C33 127.02(1) 
 
 
4.3 EPR spectroscopy 
 
All complexes were analysed by EPR spectroscopy at 298 K, using solid samples and 
MeCN solutions. Figure 36 shows a representative spectrum and Table 30 lists the obtained 
data. For the complexes [((NMe)2saltertBu4)Cu], [((NH)2sal)Cu], [((NH)2salPh2)Cu], 
[(Me2salF4)Cu], [(Ph2sal)Cu] and [(salPh2)Cu] the geometry of the first copper coordination 
sphere is square planar. The slight tetrahedral distortion of the complex can be estimated by 
EPR spectroscopy. Generally it is assumed that a high degree of tetrahedral distortion is 
accompanied with a small A||Cu coupling constant. Thus, regular complexes with small 
distortion exhibit A||Cu values of about 150 G, while copper enzymes (with entatic state 
distortion) have A||Cu values of about 60 G or even smaller.[1] 
All compounds exhibit axial spectra with gǀǀ > g⊥. Consequently, the ”isotropic” signal for 
[((NH)2sal)Cu] is assigned to a non-resolved axial geometry with a small ∆g value. All g 
values are very similar to each other and lie in the typical range for CuII compounds. 
Compounds measured at solid state do not show a hyperfine structure, while all spectra 
recorded on MeCN solutions show signals with A||Cu values of about 90 G. This is a small 
copper coupling constant and a hint for tetrahedral distortion in solution. Interestingly, A|| does 
not differ markedly upon varying the linker group and the substituents. 
Samples containing MeCN dissolved complexes show some hyperfine structure, which is 
not due to 63,65Cu coupling. This additional hyperfine structure was best resolved for 
[(Ph2sal)Cu] in MeCN solution. Hence, simulation[305] of the EPR signal was exemplarily 
performed on this spectrum, the result is presented in Figure 36. To simulate the spectrum, 
A||Cu = 86 G and an additional 14N-hyperfine structure (I14N = 1) with two slightly different 
coupling constants A14N = 11.4 and 13.8 were used. This is in line with earlier investigations 
on copper complexes containing N donor ligands, where the spin density at the nitrogen atoms 
was determined to be 14%.[306] 







Figure 36: EPR spectrum of [(Ph2sal)Cu] in MeCN and simulation of the hyperfine structure 
 
 
Table 30: X-band EPR data of the salen type complexes measured at 298 K 
compound gav gǀǀ giso or g⊥ ∆g A||Cu state 
[((NMe)2saltertBu4)Cu] 2.143 2.186 2.056 0.130 - solid 
[((NMe)2saltertBu4)Cu] 2.135 2.020 2.097 0.115 90 G MeCN 
[((NH)2sal)Cu] 2.068 - 2.068 - - solid 
[((NH)2sal)Cu] 2.137 2.021 2.098 0.116 87 G MeCN 
[((NH)2salPh2)Cu] 2.080 2.127 2.057 0.070 - solid 
[((NH)2salPh2)Cu] 2.039 2.130 2.053 0.077 92 G MeCN 
[(Me2salF4)Cu] 2.108 2.185 2.070 0.115 - solid 
[(Me2salF4)Cu] 2.056 2.122 2.023 0.099 83 G MeCN 
[(Ph2sal)Cu] 2.112 2.211 2.063 0.148 - solid 
[(Ph2sal)Cu] 2.053 2.130 2.015 0.115 86 G MeCN 
[(salPh2)Cu] 2.080 2.139 2.050 0.089 - solid 
[(salPh2)Cu] 2.049 2.114 2.017 0.097 86 G MeCN 
gav = averaged g value = (g|| + 2 g⊥) / 3; ∆g = g|| − g⊥ 
 
 
4.4 Electrochemical properties 
 
Electrochemical investigations were carried out on the free ligands as well as on the 
copper complexes. Figure 37 shows representative samples and Table 31 lists the collected 
data.  
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Table 31: Electrochemical data of the free ligands and CuII complexes[a] 
compound Epa or E½ E½ CuII/CuI (∆Epp[b]) Epc or E½ 
(NMe)2saltertBu4 0.27 (p.rev)[c] - −1.27 (rev) 
(NH)2sal 0.40 (irr) - −1.51 (irr) 
(NH)2salPh2 0.31 (irr) - −1.46 (irr) 
Me2salF4 0.99 (irr), 0.79 (irr) - −1.40 (irr) 
Ph2sal 1.10 (irr), 0.84 (irr) - −1.37 (irr) 
salPh2 0.93 (irr), 0.67 (irr) - −1.46 (p.rev)[c] 
 
   
[((NMe)2saltertBu4)Cu] 0.35 (rev) 0.15           (100) −1.31 (p.rev)[c] 
[((NH)2sal)Cu] 0.91 (irr); 0.38 (irr) 0.05           (140) −1.44 (rev) 
[((NH)2salPh2)Cu] 0.26 (irr) −0.03         (190) −1.43 (p.rev)[c] 
[(Me2salF4)Cu] 0.89 (rev), 0.61 (rev) −0.26         (890) −1.44 (p.rev)[c] 
[(Ph2sal)Cu] 0.98 (rev), 0.44 (p.rev)[c] −0.12         (730) −1.43 (p.rev)[c] 
[(salPh2)Cu] 0.81 (irr), 0.55 (irr) 0.28           (110) −1.32 (rev) 
[a] From cyclic voltammetry measured in MeCN/nBu4NPF6 at 298 K at 100 mV/s scan rate; 
potentials in V vs. FeCp2/FeCp2+ 
[b] Peak-to-peak separation Epc−Epa in mV 
[c] Partly reversible, 0.2 < peak current ratio < 1.0 
 
The free ligands exhibit irreversible reductions around −1.4 V except for (NMe)2saltertBu4 
(reversible) and for salPh2 (partly reversible, with a peak current ratio between 0.2 and 1.0) 
and an irreversible oxidation in the range of +0.27 V to +0.84 V except for (NMe)2saltertBu4 
(partly reversible). The ligands Me2salF4, Ph2sal and salPh2 show a second irreversible 
oxidation around 0.9 - 1.1 V. 
The complexes exhibit redox processes at potentials similar to those observed for the free 
ligands, but all reductions and most of the oxidations reveal at least partial reversibility. 
Additional reversible reduction waves were found around 0 V and are unequivocally assigned 
to the CuII/CuI redox couple (the previously discussed redox processes were presumably 
ligand centred). A marked separation of the Epc and the Epa wave of the reduction process for 
[(Me2salF4)Cu] (Figure 37, right) was observed for many complexes. The CuII oxidation state 
favours square planar complex geometry while the CuI oxidation state favours a tetrahedral 
surrounding and thus metal centred reduction affects the coordination geometry. Salen type 
ligands, which provide a comparably rigid ligand scaffold, hamper the geometric 
rearrangement and as a result Epc and Epa of the reduction wave are largely separated (huge 
reorganisation energy). The largest separation can be observed for ligands containing imine 
functions, while tertiary amines or reduced salen type ligands are less rigid and giving rise to 
a smaller peak-to-peak separation (Figure 37, left). 
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Figure 37: Cyclic voltammogramms of [((NMe)2saltertBu4)Cu] and [(Me2salF4)Cu] in 
MeCN/nBu4NPF6 solution at 298 K at 100 mV/s scan rate 
 
Since this thesis puts special focus on the influence of phenoxyl radical stabilisation, a 
detailed look on the effects of different substituents on the electrochemistry is worthwhile. 
[((NMe2)saltertBu4)Cu] and [(Me2salF4)Cu] possess the highest degree of substitution and their 
ligand centred oxidation (presumably the [PhO]•+/[PhO] couple) occurs reversible at low 
potential. The complexes [(salPh2)Cu] and [((NH)2salPh2)Cu] which solely possess ortho-
phenyl substituents at the phenol moieties are irreversibly oxidised but also at low potential, 
while [(Ph2sal)Cu], lacking substituents on the phenol moieties, is oxidised partly reversible at 
slightly higher potential. Thus it seems that ortho- and para-substitution facilitates oxidation, 
while less substitution is accompanied with decreasing reversibility of the oxidation process 
and increases the oxidation potential. 
The metal centred reduction also varies with the ligand substitution and increases in the 
series [(Me2salF4)Cu] < [(Ph2sal)Cu] < [((NH)2salPh2)Cu] < [((NH)2sal)Cu] < 
[((NMe)2saltertBu4)Cu] < [(salPh2)Cu]. This series nicely reflects the influence of the different 
substituents: F atoms on the phenol moieties withdraw electron density, the same effect 
(although less intense) is found for ortho-Ph substitution. In contrast, Ph substitution on the 
imine C atom leads to increased electron density. Two tertbutyl groups on each phenol core 
lead to a high CuII/CuI potential.  
However, the assignment of the ligand centred oxidation to a [PhO]•+/[PhO] couple 
remains preliminary without further evidence from spectroelectrochemical experiments which 
will be described in the next paragraph. 
 
4.5 Absorption spectroscopy and spectroelectrochemistry 
 
The complexes were dissolved in MeCN solution and absorption spectra were recorded 
from 200 nm to 800 nm (Table 32). Apart from two intense absorption bands in the UV range 
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of the spectra (assigned to pi-pi* transition) there are charge transfer absorption bands at 
350 nm to 450 nm and d-d absorption bands around 600 nm. This is in agreement with 
previous reports.[307] Interestingly, the complexes containing ligands with imine functions 
generally show larger extinction coefficients than the complexes containing reduced salen 
type ligands or tertiary amines.  
 
Table 32: Absorption data of the salen type copper complexes[a] 
complexes λ / nm (ε / Lmol−1cm−1)  
[((NMe)2saltertBu4)Cu] 255 (9695), 297 (6569)  434 (824)  623 (509) 
[((NH)2sal)Cu] 246 (8941), 278 (7032)  385 (680)  595 (189) 
[((NH)2salPh2)Cu] 254 (8322), 313 (9330)  394 (907)  611 (454) 
[(Me2salF4)Cu] 264 (50771), 269 (45061)  362 (6268)  613 (135) 
[(Ph2sal)Cu] 264 (37739) 352 (1969), 469sh (192) 616 (120) 
[(salPh2)Cu] 262 (26908) 363 (14019) 572 (971) 
[a] Measured in MeCN 
 
Spectroelectrochemical measurements were carried out on all samples to support the 
assignment of the redox processes as well as the assignment of the electronic absorptions. The 
results are collected in Table 33.  
Table 33: Spectroelectrochemical data[a] 
compound oxidation parent (CuII) CuII→CuI reduction 
[((NMe)2saltertBu4)Cu] 297, 414 255, 297, 434, 623 252, 296, 422 235, 323, 422 
[((NH)2sal)Cu] 271, 444 246, 278, 385, 595 247, 278 227, 243, 364 
[((NH)2salPh2)Cu] 328, 469, 575 254, 313, 394, 611 [b] [b] 
[(Me2salF4)Cu] 305, 313, 337, 542 226, 264, 362, 613 226, 264, 362 226, 264, 362 
[(Ph2sal)Cu] 303, 313, 449 264, 352, 469, 616 254, 366 356, 431sh 
[(salPh2)Cu] 266, 520, 620sh 228, 262, 363, 572 228, 262, 362 236, 421 
[a] Measurements in MeCN/nBu4NPF6 solution at 298 K, all absorption bands in nm 
[b] Due to the bad solubility all bands in the long-wavelength range are extremely weak 
 
As already known from other copper complexes (Chapter 2.2) the reduction of the salen 
complexes (CuII to CuI) leads to a loss of the long-wavelength d-d band and a marked shift of 
charge transfer bands, while the pi-pi* absorption bands are far less affected. Oxidation of the 
complexes lead to one or more new absorption bands in the long-wavelength region, which 
can be assigned to charge transfer transitions in the copper phenoxyl radical species. The 
absorption energy of these bands are assumed to correspond to the radical stabilisation, thus 
the fully stabilised systems have been expected to show a radical dependent absorption band 
lying in between 400 nm and 500 nm, the non- and partly stabilised complexes were expected 
to show charge transfer bands, shifted to higher energy. 







































Figure 38: Absorption spectra of [((NH)2sal)Cu] (left) and [(Ph2sal)Cu] (right) measured 
during electrochemical oxidation at 2.0 V in MeCN/nBu4NPF6 at 298 K  
 
Figure 38 shows absorption spectra of the oxidised species of [((NH)2sal)Cu] (left) and 
[(Ph2sal)Cu] (right). Although both complexes are not able to stabilise phenoxyl radicals, an 
intense absorption band around 450 nm (undoubtedly caused by phenoxyl radicals) is 
observed. In the case of [(salPh2)Cu], the formation of two phenoxyl radicals in a molecule is 
indicated by an absorption shoulder at 620 nm, which is assigned to a charge transfer between 
two radical sites.[71] 
 
4.6 Conclusion on the suitability of the salen type complexes as GO model systems 
 
All complexes show oxidation at comparably small potentials, the smallest values lie 
around 0.3 V. The oxidation of [((NMe)2saltertBu4)Cu], [(Me2salF4)Cu] as well as 
[(Ph2sal)Cu] occurs fully reversible. In addition to the first reversible oxidation the complexes 
[((NH)2sal)Cu], [(Ph2sal)Cu], [(salPh2)Cu] and [((NMe)2saltertBu4)Cu] exhibit a second 
oxidation process at slightly higher potential. Spectroelectrochemical investigations revealed 
that all oxidation processes lead to phenoxyl radical species and (from their charge transfer 
absorption energy) these species seem to be stable. This discovery is surprising for systems 
such as [(Ph2sal)Cu], [(salPh2)Cu], [((NH)2sal)Cu] and [((NH)2salPh2)Cu], which are, 
according to the current opinion, non- or partly stabilised due to lacking substituents on the 
phenol core. 
Considering their physical properties, all complexes might be suitable as GO model 
systems and therefore applicable in oxidation catalysis. On a first view, neither the lacking 
substitution nor rigidity of the linker group seems to be a limiting factor. Thus, activities of all 
complexes should be determined under catalytic reaction conditions. This was done using 
benzyl alcohol as a substrate, experiments and results are described in Chapter 7. 
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5.0 An O,N chelating triazol ligand (triazH) 




The ligand 2,4-ditertbutyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)phenol (triazH) 
(Scheme 37) contains tertbutyl groups in ortho- and para-position and offers a η2-O,N donor set. 
Copper complexes of this ligand have not been reported, with the exception of the binuclear, 







Scheme 37: 2,4-ditertbutyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)phenol (triazH) 
 
The target complex for the following study was [Cu(triaz)2], which should be easily obtained 
from the reaction of deprotonated ligand (2 eq) and an appropriate copper source (1 eq). This 
complex is expected to be similar to salen type complexes (Chapter 4) since two triaz− ligands 
exhibit the same donor set (N2O2) as a salen type ligand. In contrast to coordination of salen type 
ligands, two triaz− ligands result in a more flexible complex geometry. Salen type ligands are 
relatively rigid (depending on the applied linking group) and form square planar complexes with 
slight distortion, while the complex [Cu(triaz)2] is expected to be able to obtain also tetrahedral 
geometry e.g. upon reduction of CuII to CuI. This might be of advantage for electrochemical 
processes and simplifies substrate coordination in catalytic reactions. Therefore [Cu(triaz)2] can 
be expected to posses even better catalytic abilities than salen type complexes. On the other hand 
stereoisomers for [Cu(triaz)2] might occur, which is impossible for salen type complexes. In the 
following, synthesis of [Cu(triaz)2] as well as it’s characterisation are described, especially 
regarding the electrochemical and spectroelectrochemical properties. 
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5.2 Synthesis and Structure of [Cu(triaz)2] 
 
The triazH ligand was commercially purchased and used in complex forming reactions 
without further purification. Since triazH is sparingly soluble in nearly all solvents despite 
toluene, which is an unfavourable solvent for established copper sources (such as CuCl2 or 
Cu(OAc)2), complex formation was carried out in a solvent mixture using MeCN/toluene (5:3). 
The reaction was carried out at 298 K and yielded a green powder, which was purified by 
recrystallisation and [Cu(triaz)2] was thus isolated in relatively low yield (43%). The completely 
dry solid was observed to be stable over several weeks, while remaining solvent leads to 
decomposition upon storage within three to four days. Single crystals of [Cu(triaz)2] were 
obtained from MeCN/toluene solution and analysed by XRD. [Cu(triaz)2] was further 
characterised by absorption spectroscopy, cyclic voltammetry and spectroelectrochemical 
methods. 
The crystal structure of [Cu(triaz)2] was solved and refined in the triclinic space group P¯1 
(for solution and refinement parameters see Table 34), Figure 39 shows a view on the structure 
along the a axis. In the crystal structure no hydrogen bridges are found, while channels located on 
the cell edges along the a axis are formed by pi-stacking of neighbouring triaz-ligands (distance of 
the ligand planes = 3.4260(8) Å). Each channel is branched with tertbutyl groups, half of them 
posses large thermal ellipsoids, proving that these groups strongly librate. This libration is made 
possible by the lack of hindering contacts in the crystal packing and by the temperature applied 
for the measurement (298 K).  
 
Figure 39: Crystal structure of [Cu(triaz)2], view along the a axis, thermal ellipsoids shown on 
50% probability level, H atoms omitted for clarity 
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Table 34: Solution and refinement data of [Cu(triaz)2] 
formula C40H46CuN6O2Cl2 abs. coeff / mm−1 0.731 
f. w. /g mol–1 777.27 refl. coll. 24040 
crystal system triclinic  data / restr. / param. 8889 / 6 / 490 
crystal shape needle h, k, l −14 < h < 14 
colour green  −17 < k < 17 
space group P¯1 (No. 2)  −18 < l < 18 
a /Å 11.238(2) goof on F2 0.589 
b /Å 13.151(2) Rint 0.1691 
c /Å 13.648(2) final R indices 0.0522 
α /° 85.54(2) [I>2σ(I)] 0.1257 
β /° 82.78(2) R indices (all data) 0.2273 
γ /° 80.88(2)  0.2093 
volume /Å3, Z 1972.2(5), 2 largest diff. 0.264 and −0.402 
F(000) 814 p. a. h. /e Å–3  
density / g cm−1 1.309   
 
Additionally, a disorder is found in the crystal structure, which is concerning the chlorine 
atom position (atoms are disordered by 20%). The disorder results from co-crystallisation of three 
[Cu(triaz)2] isomers (Scheme 38) which are formed during the complex synthesis. Isomerisation 
occurs, since the C−N bond between triazol and phenol subunit of the triaz ligand is freely 
rotatable (rotation energy seems to be low) and thus two ligand conformations are possible, 

























Scheme 38: Isomers of [Cu(triaz)2]; left: isomer 1; middle isomer 2; right: isomer 3 
 
Interestingly, the crystal mainly contains isomer 1 (only 20% of all molecules are not 
isomer 1 and thus are isomers 2 and isomer 3 in an unknown ratio). Two reasons can be 
considered for this: either isomer 1 is thermodynamically favoured and thus the main product of 
the complex formation, or isomer 1 is favoured for crystallisation. 





Figur 40: Molecular structure of [Cu(triaz)2] thermal ellipsoids on 50% probability level, H atoms 
omitted for clarity; left: complete complex molecule, right: coordination polyhedron 
 
The coordination polyhedron of [Cu(triaz)2] is strongly distorted from square planar 
geometry (expected for CuII) and thus nearly tetrahedral (Figure 40). This distortion is indicated 
by the angles around the copper ion (Table 35): the values of O1−Cu−N1 and O2−Cu−N4 lie 
close to 90° (expected for a square planar geometry), while O1−Cu−N4 and O2−Cu1−N1 are 
markedly larger. The angle sum (for an ideal square planar geometry 360°) is 376° for 
[Cu(triaz)2].  
 
Table 35: Selected distances and angles of [Cu(triaz)2] 
distances / Å angles / ° angles / ° 
Cu1−O1 1.8606(3) O1−Cu1−O2 157.06(2) ΣCu[a] 376.09(2) 
Cu1−O2 1.8541(4) N1−Cu1−N4 138.59(2) phenol1−phenol2 62.29(1) 
Cu1−N1 1.9588(3) O1−Cu1−N1 90.92(2) phenol−triaz 16.45(1)/15.51(1) 
Cu1−N4 1.9862(3) O2−Cu1−N4 91.11(1) (O1−N4−Cu)− 
(N1−O2−Cu) 
46.84(1) 
  O1−Cu1−N4 98.49(2)   
  O2−Cu1−N1 95.57(2)   
[a] ΣCu = (N1−Cu−O2) + (O2−Cu−N4) + (N4−Cu−O1) + (O1−Cu−N1) 
 
 
5.3 EPR spectroscopy 
 
The EPR spectrum of [Cu(triaz)2] was recorded at 298 K in the solid state (Figure 41). The 
signal shape cannot be classified unambiguously. At a first glance, the signal seems to be axial 
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with gǀǀ > g⊥ (gǀǀ = 2.339, g⊥ = 2.074, ∆g = 0.265, gav = 2.162) and a 63,65Cu coupling constant AǀǀCu 
of 135 G. Closer examination reveales the g⊥ line to be split and therefore the signal might also 
be rhombic (g1 = 2.339; g2 = 2.088; g3 = 2.048; ∆g = 0.291, gav = 2.158). EPR spectra which have 
been measured on square planar [CuCl4]2− compounds with varying tetrahedral distortion 
revealed that increasing distortion corresponds to increasing rhombicity of the EPR spectra.[241] 
Thus the EPR signal recorded on solid [Cu(triaz)2] matches very well with the coordination 








Figure 41: X-band EPR spectrum of [Cu(triaz)2] (solid sample) recorded at 298 K  
 
 
5.4 Cyclic voltammetry 
 
Cyclic voltammetry was carried out on triazH and [Cu(triaz)2] in MeCN/nBu4NPF6 solution 
at 298 K (Figure 42). 
1.5 1.0 0.5 0.0 -0.5
E (V) vs. FeCp2/FeCp2+
25 µA
 
0.4 0.2 0.0 -0.2 -0.4 -0.6
E (V) vs. FeCp2/FeCp2+
1 µA
 
Figure 42: Cyclic voltammogramms of triazH (left) and [Cu(triaz)2] (right) in MeCN/nBu4NPF6 
at 298 K at 100 mV/s scan rate; potentials in V vs. FeCp2/FeCp2+ 
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The measurements showed that free triazH is oxidised irreversibly at Epa = 1.2 V, while the 
first reduction of the ligand occurs reversibly at E½ =  −1.26 V. [Cu(triaz)2] can be reduced twice, 
at E½ = −0.33 V and E½ = −1.26 V, the first reduction can be assigned to the CuII/CuI redox 
couple, the second reduction is ligand centred. Additionally, [Cu(triaz)2] can be oxidised 
reversibly at E½ = 0.15 V. This oxidation is ligand centred as well and supposed to lead to a 
phenoxyl radical species. Inferred from the electrochemical potentials the phenoxyl radical state 
seems to be easily accessible, while the CuI state of the complex is clearly disfavoured. The peak 
separation ∆E (Epc − Epa) for the copper centred reduction of [Cu(triaz)2] is small (∆E = 0.10 V) 
in comparison to the ∆E of salen type complexes. This indicates high flexibility of [Cu(triaz)2] in 
forming different coordination polyhedra. 
 
 
5.5 Absorption spectroscopy and spectroelectrochemistry 
 
Absorption spectra were recorded in MeCN/toluene solution (Table 36) and revealed two 
UV absorption bands for the free triazH ligand, which can be assigned to pi-pi* transition as 
indicated by their high extinction coefficients. These absorption bands can also be found in the 
[Cu(triaz)2] complex (with slightly decreased intensity) accompanied by a long-wavelength band 
at 647 nm. This absorption is assigned to a d-d transition and corresponds to a relatively strong 
ligand field with a t2g / eg separation of 15385 cm−1 (1.91 eV). 
 
Table 36: Absorption bands of triazH and [Cu(triaz)2][a] 
compound λ / nm (ε / Lmol−1cm−1) 
triazH 312 (41674), 348 (47659) 
[Cu(triaz)2] 307 (19362), 346 (19747), 647 (241) 
  
[Cu(triaz)2]•+ 321, 404 
[a] Absorption spectra measured in MeCN/toluene (5/3) solution, spectroelectrochemistry 
performed in MeCN/nBu4NPF6 
 
Spectroelectrochemical characterisation of [Cu(triaz)2] was performed in MeCN/nBu4NPF6 
solution. Therefore absorption maxima of the parent species are slightly blue-shifted if compared 
to those recorded in MeCN/toluene solution. Upon electrochemical oxidation a new band at 
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404 nm appears, which is typical for charge transfer absorption of copper phenoxyl species and 
thus assigned to the formation of [Cu(triaz)2]•+. The wavelength of the absorption band is typical 
for alkyl stabilised phenoxyl radicals.[248] 
 
 
5.6 Summary on the suitability of [Cu(triaz)2] as a GO model system 
 
Similar to other copper complex possessing ditertbutyl substituted phenol moieties, the 
complex [Cu(triaz)2] was expected to form [Cu(triaz)2]•+ upon oxidation. This was confirmed by 
cyclic voltammetry and spectroelectrochemistry. The formation of the radical species proceeds 
reversibly at 0.15 V. Furthermore, the reversible CuII/CuI reduction was detected at −0.33 V with 
small peak-to-peak separation. This is due to strong tetrahedral distortion of [Cu(triaz)2] which 
simplifies the geometry change upon CuII/CuI reduction. Hence [Cu(triaz)2] is a promising 
candidate for catalytic alcohol oxidation. Both redox couples (phenoxyl radical and copper redox 
couple) are slightly disfavoured compared to the corresponding redox couples in natural GO 
(0.01 V for the tyrosyl radical and −0.24 V for the copper redox couple). Due to its spectroscopic 
properties, [Cu(triaz)2] seems to be the ideal system for a close examination in catalytic test 
reactions. A detailed study on [Cu(triaz)2] as oxidation catalyst is presented in Chapter 7. 
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6.0 Highly flexible O,O’,N Ligands and their 




As outlined in Chapter 2, oxido-pincer ligands usually bear an aromatic central core and two 
ortho substituents carrying various oxygen functions thus providing a tridentate O,E,O donor set 
where E = C, N, P or else. Most important are ligands with a central pyridine ring, which have 
found a number of applications e.g. in catalysis.[181,182,185,309] Typical oxido donor functions can 
be carboxylates[186,194,310], carbonyl[311] or alcohol functions[312-314]. The latter are interesting, 
since they provide the opportunity of stepwise deprotonation upon coordination and this leads to 
a huge diversity of complexes and structures. An increasing tendency to deprotonation is 
expected with increasing hardness (HSAB) of the metal ion. Consequently, complexes of early 
transition metals exclusively contain the fully deprotonated ligand dianion.[315-318] Intermediate 
cases (partly deprotonated) were found in polynuclear manganese complexes[319-321] while the 
ligand usually coordinates fully protonated to late transition metals (Co ‒ Zn, 4d and 5d metals) 
[200,322-327]
. However, there are also exceptions from this correlation, e.g. found in [Cu2(η2,µ-
pydimH)2(η3-pydimH2)2]2+[324,328] and in [Cu(pydimH2)(pydimH)]+[324].  
In agreement with the HSAB concept[4,329] weak bonds are observed between the O-donor 
functions and late transition metals like CoII, NiII, CuII and ZnII, while the metals PdII and PtII are 
exclusively bound via the pyridine nitrogen.[183,330,331] As a result, oxido-pincer ligands show a 
wealth of structural motifs including square planar (Pt, Pd), trigonal bipyramidal (Co, Ni, Zn), 














Scheme 39: Schematic binding situation of O,N,O oxido-pincer ligands compared to O,O’,N 
ligands to soft transition metal ions 
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Most of the so far reported studies focus on symmetric oxido-pincer ligands with an O,N,O 
donor set. The modification of the donor atom sequence from O,N,O to O,O,N or O,O’,N 
(Scheme 39) bears some interesting possibilities as the intrinsic non-symmetry and the option to 
built up hemilabile systems resulting from the trans-effect of the (presumably) strong N–M 
interaction weakening the peripheral M–O bond.  
If the outer O donor is designed to be a phenoxy moiety, this allows generating weakly 
coordinated phenoxyl moieties. Copper complexes of this type would close the gap between 
lacking interaction between copper ion and phenoxyl radical as found for pydic-ester ligands 
(Chapter 2.1) and strong interaction as found for bis-phenoxido pincers, benzoquinone-, acridine- 





















Scheme 40: Three new chiral O,O’,N pincer ligands; left: 2-(hydroxy(pyridin-2-
yl)methyl)methoxyphenol (OON1), middle: 2-(1-hydroxy-1-(pyridin-2-yl)ethyl)phenol (OON2), 
right: 2-(hydroxy(phenyl)(pyridin-2-yl)methyl)phenol (OON3) 
 
In this contribution three new chiral O,O’,N pincer ligands were synthesised (Scheme 40). 
The new ligands were designed focussing on four main aspects. i) In comparison with the 
frequently used oxido-pincer ligands with a central pyridine core and two pendant carboxylate or 
methanol functions, the new ligands provide a change in donor atom sequence O,N,O → O,O’,N 
and an altered sequence of (expected) binding strength Oweak,Nstrong,Oweak → Oweak,O’weak,Nstrong 
as indicated in Scheme 39. ii) The ligands provide the possibility of tris-chelate binding, upon 
forming two five-membered chelate rings. In contrast to ligands containing rigid aromatic cores 
such as pyridine the central binding position here is far more flexible and might open the option 
of a η3-facial binding, while pyridine centred ligands allow only η3-meridional binding. The 
steric bulk at the central C atom increases within the series OON1 < OON2 < OON3, while the 
acidity of the hydroxy function is expected to decrease along the series OON3 > OON1 > OON2. 
iii) Only one of the two oxido donor functions can be deprotonated upon coordination, since the 
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second is a methoxy group. The methoxy and hydroxy functions are expected to exert 
approximately the same binding strength but deprotonation of the central hydroxy group will 
greatly enhance its coordination capacity over that of the methoxy group (creating a 
Oweak,O’strong,Nstrong binding situation). iv) The new ligands are chiral due to four different 
substituents at the central C atom. Thus the chiral centre is very close to the metal atom, which 
might be important for the transfer of chiral information to a substrate bound at the central metal 
atom.  
The three ligands were reacted to FeIII, FeII, CoII, NiII, CuII and ZnII. The chosen metal ions, 
are expected to increase in “hardness” along the series CuII < NiII < CoII < FeII < FeIII and also 
provide different preferences for feasible coordination polyhedra. The resulting metal complexes 
were characterised by their elemental analysis and UV/vis absorption spectroscopy, in case of the 
diamagnetic ZnII and potentially diamagnetic NiII compounds additionally by 1H and 13C NMR 
spectroscopy. The paramagnetic CoII, CuII and FeIII complexes were investigated by EPR 
spectroscopy, EPR measurements of the CoII complexes were complemented by magnetic 
SQUID measurements. Structural characterisation is completed by XRD on obtained single 
crystals. Electrochemical experiments (cyclic voltammetry) were performed as well. 
 
 
6.2 Ligand preparation 
 
The ligands were synthesised by Grignard coupling reaction of 2-iodo-anisole with 2-
formylpyridine (OON1), 2-acetylpyridine (OON2), or 2-benzoylpyridine (OON3) respectively. 
The resulting ligands were obtained as racemates and characterised by NMR and elemental 
analysis. Since for a first view on the coordination chemistry of the ligands the chirality is not of 
importance, all ligands were used as racemates for complex synthesis and characterisation. The 
ligands exhibit a good solubility in organic solvents and were purified by recrystallisation from 
acetone, upon which single crystals of OON2 and OON3 were obtained and analysed by XRD. 
The ligands OON2 and OON3 were found to crystallise in the triclinic space group P¯1, crystal 
data can be found in the appendix. In the crystal of OON2 three intermolecular hydrogen bridges 
were found (O1−H100…N1 with a D…A distance of 2.976(2) Å, C13–H13…O1 with a D…A 
distance of 2.710(2) Å and C7–H7…O2 with a D…A distance of 2.985(2) Å). These interaction 
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can be considered to be weak electrostatic.[333] H bonds involving the phenol substituent of 
OON3 were not found in the crystal structure. Additionally, a rather short intramolecular 
O1−H…O2 hydrogen bridge ((O…H = 1.86(4) Å, D…A distance of 2.644(3) Å, O…H–O = 
138(4)°) is found. Figure 44 displays the molecular structures of OON2 and OON3 including the 
intramolecular O1–H…O2 hydrogen bridge in OON3.  
 
 
Figure 44: ORTEP representations of molecular structures of OON2 (left) and OON3 (right), 
50% probability level, H atoms omitted for clarity despite those involved in the H bridge in 
OON3 and the disordered (50%) proton on O1 of OON2 
 
In the molecular structures of the free ligands the O,O’,N binding pocket is not available. E.g. 
torsion angles O1–C–C–N1 of 98.9(2)° in OON2 and 149.9(2)° in OON3 show that the pyridine 
rind has to rotate about the C–C axis by approximately 98° or 150° respectively to allow an 
effective five-ring chelate coordination of the pyridine N and the hydroxo donor function. The 
methoxy function is also largely bent away from the hydroxy oxygen atom for OON2, while for 
OON3 the intramolecular hydrogen bridge brings the two oxygen atoms in perfect position for a 
potential chelate binding. On the other hand the interplanar angle of anisol and pyridine ring is 
about 39.7(1)° for OON3 and 83.31(1)° for OON2.  
Summarising, the potentially coordinating sites (O,O’,N) in both ligand are arranged around 
the central chiral C atom in a rather flexible way and the conformational changes necessary to 
allow tridentate coordination are probably very small. 
 
 
6.3 Complex synthesis 
 
The complexes were obtained by stirring the metal chloride salts with the ligands in a 1:1 
ratio at 298 K in methanol for 16 h and without the use of external base. Strongly coloured 
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products of the general formulae [MII(O,O’,N)Cl2] (M = Fe, Ni, Cu, Zn) or [FeIII(O,O’,N)Cl3] 
(except OON2) were obtained in high yields. Using CoII as metal the complexes undergo a fast so 
called coordinative disproportionation following Eq. 11, thus the formed complexes possess the 
general formula [Co(O,O’,N)(µ-Cl)2CoCl2]. A similar type of reaction was already observed for 
several pyridine-dimethanol pincer complexes providing an O,N,O donor coordination (Eq. 12). 
The disproportionation of compounds containing O,N,O pincer ligands, which provide a 
tridentate binding mode, leads to the formation of ionic complexes. This is due to the saturation 
of the cobalt ion by two O,N,O donor ligands and the formation of the very stable [CoCl4]2− ion. 
The O,O’,N ligands obviously do not prefer a tridentate binding mode (see below), hence a 
fusion of the resulting ions to a neutral binuclear complex seems to be thermodynamically 
favoured although this lowers the entropy of the system. 
 
2 [Co(η2-OON3)Cl2]    [Co(η2-OON3)2(µ-Cl)2CoCl2]         Eq. 11 
2 [Co(η3-O,N,O)Cl2]    [Co(η3-O,N,O)2][CoCl4]          Eq. 12 
 
Using O,O’,N donor ligands a coordinative disproportionation is only observed for cobalt 
complexes (using O,N,O donor ligands also Ni, Cu and Zn show disproportionation). On the one 
hand this is due to a large stabilising effect achieved for a d7 high spin system (CoII) upon 
formation of a [MCl4]2− ion, on the other hand this is due to the stabilisation of pentacoordinated 
complexes (square pyramidal or trigonal bipyramidal) in complexes of iron, copper and zinc. 
While the Co, Ni, Cu and Zn compounds show good solubility in polar organic solvents such 
as acetone, methanol, ethanol, THF, DMF or MeCN, the FeII and FeIII compounds are less soluble 
and despite [Fe(OON3)Cl3] and [Fe(OON1)Cl3] they precipitated from the methanol reaction 
mixture. The iron complexes therefore require strongly polar solvents such as MeCN or DMF to 
be redissolved. Several attempts to obtain the FeIII complex [Fe(OON2)Cl3] failed. In any case 




6.4 NMR spectroscopy 
 
From the ZnII compounds (d10 diamagnetic) NMR spectra could be obtained, Table 37 lists 
selected data. Special attention was paid to the chemical shifts of the OH, OCH3 and H6py atoms 
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which best indicate coordination of the metal to the adjacent donor atoms. Since this coordination 
might be depending on the solvent polarity and/or the solvent’s ability to act as a ligand, spectra 
were recorded in CDCl3 (unpolar, non-coordinating), [D6]-acetone (polar, presumably non-
coordinating), [D4]-methanol (highly polar, potentially coordinating), [D5]-pyridine and [D7]-
DMF (both polar, presumably coordinating). 
 
Table 37: Selected NMR data for free OON ligands and ZnII complexes[a] 





















[Zn(OON3)Cl2] 8.74 0.19 7.72 2.01 3.81 0.28 





















[Zn(OON3)Cl2] 8.73 0.27 8.18 2.51 3.66 0.17 







[Zn(OON3)Cl2] 8.35 0.20 7.06 1.47 [b] - 







[Zn(OON3)Cl2] 8.58 0.02 6.16 0.13 3.57 0.01 







[Zn(OON3)Cl2] 8.56 0 5.71 0.68 3.35 0 
[a] Chemical shifts δ in ppm vs. TMS; change of the chemical shift ∆δ upon coordination in ppm 
[b] Obscured by solvent signal 
 
Upon coordination the 1H signals of protons adjacent to donor atoms usually exhibit a low-
field shift. In CDCl3 these shifts are relatively small for the H6py atom and the OMe group (∆δ = 
0.1 - 0.28 ppm) but large for the OH group (1.4 – 2.1 ppm). In [D6]-acetone the ∆δ  values for the 
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H6py and OH protons point to coordination, while the values for the OMe group for the 
complexes with OON1 and OON2 drop to zero (indicating non-coordination). Qualitatively the 
same holds for [Zn(OON3)Cl2] in [D4]-methanol, but the OMe proton signal overlaps with the 
signal of the solvent protons and thus cannot be studied. Importantly, the OH proton of the 
ligands can be unequivocally detected, thus the ligands remain protonated upon coordination. In 
the coordinating solvents DMF and pyridine the ∆δ  values strongly indicate that the O,O’,N 
ligands were replaced by solvent molecules, the shift observed for the OH proton might also be 
due to H bridge formation with solvent molecules.  
For the NiII complexes the 1H NMR spectra show paramagnetic broadening, so 2D 
experiments failed and no assignments of the signals were made. As a consequence comparison 
of the shifts of free ligands and complexes fails. For the NiII complexes tetrahedral or (distorted) 
octahedral configurations can be assumed from this behaviour. This is in contrast to recently 
reported Ni complexes of oxido-pincer ligands with phenolate groups [2,6-bis(2-
methoxyphenyl)pyridine (LOMe2), 2,6-bis(2-hydroxyphenyl)pyridine (LOH2), 2,6-bis-(2,4-
dimethoxyphenyl)pyridine (LOMe4)] which were diamagnetic, bromido bridged dimers.[332] For 
the FeII complex [Fe(OON1)Cl2] bad solubility and paramagnetic impurities prevented any NMR 
measurements. Thus a high spin configuration can be concluded which would lead to systems 
with S = 2 for both, octahedral or tetrahedral complex geometries. 
 
 
6.5 Crystal and molecular structures from XRD 
 
From the compounds [Co(OON3)2(µ-Cl)2CoCl2]·C3H6O, [Fe(OON1)Cl2]2, [Cu(OON1)Cl2]n 
and [Cu(OON3)Cl2]2 single crystals were obtained and could be analysed by XRD. Details of the 
structures were shown in Figures 45-48 and Tables 38 and 40 summarise essential crystal and 
structural data.  
The crystal structure of [Co(OON3)2(µ-Cl)2CoCl2]·C3H6O was solved and refined in the 
triclinic space group P¯1. In the crystal structure no packing effects such as H bridges or pi-
stacking can be observed. This is mirrored by the very low density in the crystal structure, the 
lowest in the whole series (Table 38) 




Figure 45: ORTEP representation (50% probability level) of the molecular structure of 
[Co(OON3)2(µ-Cl)2CoCl2], H atoms and solvent molecule are omitted for clarity 
 
The complex molecule consists of two fused cobalt centres, an octahedral (OON3)2Co 
fragment and a tetrahedral CoCl4 fragment. Both fragments are covalently bonded by two µ-Cl 
bridges (Figure 45). The two coordination polyhedra are slightly distorted and share edges. The 
Co1−(µ-Cl) bonds are slightly longer (2.441(2) Å and 2.494(2) Å) than the Co2−(µ-Cl) bonds 
(2.305(2) Å and 2.321(2) Å) but they are still in the range of covalent bonds. The two OON3 
ligands coordinate in a bidentate mode and the methoxy groups lie far away from the cobalt ions. 
The complex molecule contains OON3 ligands with R and S chirality, the resulting complex is 
achiral. 
 
Figure 46: ORTEP representation (50% probability level) of the molecular structure of 
[Fe(OON1)Cl2]2, H atoms are omitted for clarity 
 
When recrystallising the complex [Fe(OON1)Cl3] from acetone, single crystals of the 
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dimeric complex [Fe(OON1)Cl2]2 were obtained (Figure 46). The compound has obviously been 
formed through elimination of HCl (Eq. 13) 
 
2 [Fe(OON1H)Cl3]  2 HCl + [Fe(OON1)Cl2]2           Eq. 13 
 
The crystal structure was solved and refined in the triclinic space group P¯1 (Tables 38,40). In the 
crystal structure the two iron atoms are bridged by the central deprotonated oxido function of the 
OON1 ligand, forming a polyhedron of two edge-sharing (distorted) trigonal bipyramides with a 
nearly planar Fe2O2 core (with a dihedral angle Fe1−O1−Fe2−O2 of −9.8(2)° and small O–Fe–O 
angles of about 73.31(2)° and 73.12(2)°). The trigonal planes around FeIII are formed by the two 
chlorido ligands and one of the bridging O atoms. The axial positions are occupied by the 
pyridine N atoms and the second bridging O atom, the angles N1–Fe1–O3 (147.0(2)°) and N2–
Fe2–O1 (150.1(2)°) deviate markedly from the ideal angle of 180°. The methoxy function 
remains uncoordinated. Interestingly, the dimer is formed by two mononuclear units which 
contain ligands of the same chirality; one of the molecules in the unit cell possesses ligands of R 
configuration, this is depicted in Figure 46, the other molecule possesses ligands of S chirality, 
thus in the crystal structure both types of stereoisomers occur. 
 
 
Figure 47: ORTEP representation (30% probability level) of - left: view on the polymeric chain 
structure of [Cu(OON1)Cl2]n; right: the asymmetric unit in the chain structure with the disordered 
anisol ring (right); H atoms are omitted for clarity 
 
The CuII compound [Cu(OON1)Cl2]n was crystallised from acetone and the structure was 
solved and refined in the monoclinic space group P21/c (Table 38). Essential binding parameters 
are summarised in Table 40, while Figure 47 gives a view on one of the polymer strands along 
the c axis and a mononuclear unit. The structure shows a one-dimensional polymer, in which 
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square planar coordination units consisting of CuII, the η2-N,O bound ligand OON1 and two Cl 
ligands, were interconnected along the crystallographic c axis by rather long axial Cl−Cu bonds 
(using one of the Cl ligands). While the Cu–Cl bond in the apical position is 2.848(2) Å, the 
Cu−Cl distance opposite is 3.144(4) Å (Figure 47). Although this is a very long Cu−Cl distance, 
similar bond lengths[334 ,335] or even longer distances (about 3.5 Å)[336] have been found. The 
overall geometry around the Cu atom is thus square pyramidal (or asymmetrically elongated 
octahedral). Similar to the FeIII complex, OON1 coordinates in a bidentate mode to the CuCl2 
fragment and a 50% disorder of the methoxy groups was found. The OON1 ligands alternate in 
the chain structure so that all ligands on one side of the chain possess the same chirality.  
 
Figure 48: ORTEP representation of the molecular structure of [Cu(OON3)Cl2]2 (50% probability 
level); H atoms are omitted for clarity 
 
The CuII compound [Cu(OON3)Cl2]2 was crystallised from acetone and the structure was 
solved and refined in the monoclinic space group P21/c (Tables 38,39). The structure shows a 
binuclear µ-Cl2-bridged complex entity. The crystal structure reveals a short intramolecular H 
bridge between O2 and H1 with a distance of 1.94(5) Å. Furthermore, intermolecular pi stacking 
along the crystallographic a axis is observed for the anisol rings of neighbouring molecules. Both 
rings are coplanar (0.00(3)°) and exhibit a rather short distance (3.53(2) Å). In the binuclear 
[Cu(OON3)Cl2]2 molecules CuII (Figure 48) is coordinated by the N and O atoms of the OON3 
ligand, one peripheral chlorido ligand and two bridging chlorido ligands. The resulting 
coordination polyhedra can be ascribed as distorted square pyramidal with the µ-Cl (Cl1) atom in 
the axial positions or as distorted trigonal bipyramidal with N1 and Cl1’ as axial ligands 
(Table 39). The two OON3 ligands which are part of the binuclear molecule reveal opposite 
chirality, in contrast to the iron complex but similar to the cobalt complex [Co(OON3)2(µ-
Cl)2CoCl2]. Again, the methoxy group is non-coordinating (Cu…OMe = 4.121(2) Å). 
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Table 38: Crystal structure and refinement data of [Co(OON3)2(µ-Cl)2CoCl2]·C3H6O, 




[FeCl2(OON1)]2 [CuCl2(OON1)]n [CuCl2(OON3)]2 
formula C41H40Cl4Co2N2O5 C26H24Cl4Fe2N2O4 [C13H12Cl2CuNO2]n C38H34Cl4Cu2N2O4 
f. w. /g mol–1 900.41 681.98 348.68 851.59 
crystal system triclinic triclinic monoclinic monoclinic 
crystal shape block block fraction block 
colour blue red green green 
space group P¯1 (No. 2) P¯1 (No. 2) P21/c (No. 14) P21/c (No. 14) 
a /Å 8.983(2) 9.882(5) 14.674(2) 9.073(2) 
b /Å 12.107(3) 11.354(5) 14.407(2) 11.196(2) 
c /Å 19.539(5) 14.259(5) 7.0563(9) 18.518(3) 
α /° 92.74(2) 79.901(5) 90 90 
β /° 97.43(2) 87.670(5) 103.84(2) 100.18(2) 
γ /° 94.01(2) 65.751(5) 90 90 
volume /Å3, Z 2098.7(8), 2 1435.2(4), 2 1448.5(3), 4 1851.5(7), 2 
F(000) 924 692 704 868 
density / g cm−1 1.425 1.58 1.60 1.53 
abs. coeff / mm−1 1.089 1.418 1.872 1.480 
refl. coll. 20126 17398 13633 17774 
data / restr. / param. 9100 / 0 / 493 6418 / 0 / 345 3342 / 36 / 193 4478 / 0 / 228 
indices −11 < h < 10 −13 < h < 13 −19 < h < 19 −11 < h < 11 
 −15 < k < 15 −13 < k < 13 −19 < k < 19 −14 < k < 14 
 −24 < l < 25 −18 < l < 18 −8 < l < 8 −24 < l < 24 
goof on F2 0.653 0.666 0.845 0.655 
Rint 0.0982 0.1593 0.1464 0.2427 
final R indices 
[I>2σ(I)] 
R1 = 0.0477 R1 = 0.0464 
wR2 = 0.0692 
R1 = 0.0467 R1 = 0.0452 
 wR2 = 0.0931 wR2 = 0.1452 wR2 = 0.0542 
R indices (all data) R1 = 0.2007 R1 = 0.1911 R1 = 0.0880 R1 = 0.2433 
 wR2 = 0.1211 wR2 = 0.0692 wR2 = 0.0749 wR2 = 0.0824 
largest diff. p. a. h. 
/e Å–3 
0.937 and −0.397 0.391 and −0.484 0.421 and −0.494 0.298 and −0.340 
 
Table 39: Angles found for [Cu(OON3)Cl2]2 compared to angles of ideal coordination polyhedra 
angles found TBP - ideal TPy - ideal 
O1−Cu1−Cl2 171.23(1)° 120° 180° 
N1−Cu1−Cl1’ 159.28(1)° 180° 180° 
O1−Cu1−Cl1 85.42(1)° 120° 90° 
Cl1’−Cu1−Cl1 97.014(9)° 90° 90° 
Cl2−Cu1−Cl1 102.07(1)° 120° 90° 
N1−Cu1−Cl1 95.29(1)° 90° 90° 
Cl1−Cu1−Cl2 96.82(2)° 90° 90° 
Cl1’−Cu1−O1 86.668(9)° 90° 90° 
N1−Cu1−O1 77.76(1)° 90° 90° 
N1−Cu1−Cl2 96.829(9)° 90° 90° 
Σa[a] 358.06(2)° - 360° 
Σb[b] 358.72(1)° 360° - 
[a] Σa = (N1−Cu1−O1) + (N1−Cu1−Cl2) + (Cl1−Cu1−O1) + (Cl1−Cu1−O1) 
[b] Σb = (O1−Cu1−Cl2) + (O1−Cu1−Cl1) + (Cl2−Cu1−Cl1) 
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Table 40: Selected distances and angles of [Co(OON3)2(µ-Cl)2CoCl2]·OC3H6, [Fe(OON1)Cl2]2 
and [Cu(OON1)Cl2]n   
[Fe(OON1)2Cl2]      
distances / Å distances / Å angles / ° 
Fe1−O1 1.951(4) Fe1−Cl2 2.212(2) O1−Fe1−O3 73.3(1) 
Fe2−O1 1.981(3) Fe2−Cl4 2.176(2) O1−Fe2−O3 73.2(1) 
Fe1−Cl1 2.173(2) Fe2−N2 2.088(4) Cl1−Fe1−Cl2 111.45(9) 
Fe2−Cl3 2.223(2) O1...O3 2.350(1) Cl3−Fe2−Cl4 112.79(9) 
Fe1−N1 2.109(5) Fe1...Fe2 3.147(1) N1−Fe1−O3 147.0(2) 
Fe1−O3 1.986(3) Fe1…OMe 4.994(2) N2−Fe2−O1 150.1(2) 
Fe2−O3 1.965(4) Fe2…OMe 4.931(2) N1−Fe1−Cl1 99.2(1) 
    N2−Fe2−Cl3 95.2(1) 
[Cu(OON1)Cl2]n      
distances / Å  angles / °  
N1−Cu1 2.002(4)  O1−Cu1−N1 79.964(4)  
O1−Cu1 1.986(3)  O1−Cu1−Cl2 87.685(4)  
Cu1−Cl1 2.249(2)  O1−Cu1−Cl1 173.163(5)  
Cu1−Cl2 2.255(2)  N1−Cu1−Cl1         96.78(1)  
Cu1−(µ-Cl1) 2.848(2)  N1−Cu1−Cl2 162.4(1)  
Cu1−(µ-Cl2) 3.144(4)  (µ-Cl1)−Cu1−(µ-Cl2) 172.7(1)  
Cu1…OMe 4.089(4)     
Co(OON3)2(µ-Cl)2CoCl2·OC3H6 
distances / Å  distances / Å angles / °  
Co1−Cl1 2.441(2) Co1−N2 2.086(5) O4−Co1−O1 93.2(1) 
Co1−Cl2 2.494(2) Co1...Co2 3.252(8) N2−Co1−O4 75.7(1) 
Co2−Cl1 2.305(2) Co1...O3Me 4.362(9) Cl2−Co1−O1 93.9(2) 
Co2−Cl2 2.321(2) Co1...O2Me 4.035(9) Cl1−Co1−N2 98.4(1) 
Co2−Cl3 2.240(2) Co2...O2Me 4.252(9) Cl1−Co1−N1 164.8(1) 
Co2−Cl4 2.213(2)   Cl1−Co2−Cl2 93.87(7) 
Co1−O1 2.134(5)   Cl1−Co2−Cl3 107.93(7) 
Co1−O4 2.116(5)   Cl2−Co2−Cl4 117.49(7) 
Co1−N1 2.109(5)   Cl3−Co2−Cl4 113.98(9) 
 
 
6.6 EPR spectroscopy of CoII, CuII and FeIII compounds 
 
EPR spectroscopy has been shown to be a well suited method to analyse the coordination 
geometry around the paramagnetic metal ion Cu2+ (d9)[241] as well as the spin states of CoII (d7) 
and FeIII (d5). In contrast to XRD, EPR can be applied on crystalline and amorphous solids as 
well as on species in solution, thus allowing detection of the coordination geometry for various 
physical states. From all obtained CuII and FeIII compounds EPR measurements were carried out 
at 298 K (data collection in Table 41). The CoII complexes have to be measured at 4 K to freeze 
Katharina Butsch  6. O,O’,N donor ligands 
112 

spin flipping, which prevents CoII complexes from exhibiting EPR signals at 298 K. Figure 49 
shows three rather different EPR spectra, recorded for the amorphous material obtained from the 
preparation procedure [Cu(OON1)Cl2] (parent material), the recrystallised and structurally 
characterised binuclear complex [Cu(OON1)Cl2]n and an acetone/THF solution of the parent 
material. While the spectra of the parent material [Cu(OON1)Cl2] and its solution show rhombic 
















Figure 49: X-band EPR spectra of an amorphous powder of [Cu(OON1)Cl2] (left), 
polycrystalline powder of [Cu(OON1)Cl2]n (middle) and [Cu(OON1)Cl2] in a 1:1 acetone/THF 
mixture (right); all samples measured at 298 K 
 
The latter signal shape is in line with the elongated square pyramidal (octahedral) 
coordination revealed by XRD. The rhombic symmetry of the other two spectra indicates 
distorted square pyramidal coordination as found in the recently described complex 
[(pydimH2)CuCl2] (gav = 2.149, g1 = 2.311, g2 =2.094, g3 = 2.041 ∆g = 0.270)[184] From the 
similarity of the averaged g value and the g anisotropy ∆g of the parent compound and 
[(pydimH2)CuCl2] we conclude that in both compounds the ligand binds in a tridentate fashion. 
From the markedly deviating values for the parent sample in solution it can be concluded that a 
square pyramidal coordination sphere with a N,O bidentate binding mode is formed. A solvent 
molecule therefore is incorporated into the coordination sphere, in line with the findings from 
NMR spectroscopy of the corresponding ZnII complexes.  
The spectra of the iron complexes [Fe(OON1)Cl3] (parent material) and [Fe(OON1)Cl2]2 
(recrystallised) are also not identical as Figure 50 shows. While the parent material exhibits an 
EPR signal with a g value of gav = 2.130 the binuclear species reveals gav = 2.063 but an 
anisotropic signal shape. Dissolving the FeIII compounds in an aceton/THF mixture leads in any 
case to identical isotropic, narrow (∆H ~ 60 G) EPR spectra with a g value of 2.014. So far 
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Figure 50: X-band EPR powder spectra of [Fe(OON1)Cl3] (left), [Fe(OON1)Cl2]2 (middle) and 
[Fe(OON3)Cl3] (right) recorded at 298 K  
 
The cobalt compounds exhibit axial EPR signals (Figure 51) with g|| < g⊥, which are 
extremely broadened due to the temperature of the measurement (4 K). The g values are all very 
high, but in line with EPR studies on other high spin CoII complexes.[337-339] EPR spectra in 
solution were measured in acetone (blue solution) and in methanol (red solution). Signal shape of 













Figure 51: X-band EPR spectra of [Co(OON2)2(µ-Cl)2CoCl2] recorded at 4 K, left: solid sample, 
middle: acetone solution and right: methanol solution 
 
By trend, the smallest g⊥ values are observed in the solid state and the highest values are 
found for methanol solutions. Furthermore, the g⊥ signal part becomes more intense and sharper 
in methanol solution. As a result the ∆g values are small in methanol, while the gav values are 
increased. Reference measurements of a pentacoordinated complex [(pydotH2)CoCl2][183] showed 
a signal with axial shape but higher g values and decreased signal width ∆H. In a reference 
compound (pydipH3)2[CoCl4][183] containing solely the tetrahedral anion [CoCl4]2−, the signal is 
as well very small, but the g values are similar to those observed for the O,O’,N complexes. Thus 
some general conclusions can be drawn: the structure of all three O,O’,N complexes is 
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magnetically (and therefore structurally) identical, the three OON complexes are not 
pentacoordinated in the different states and the red species cannot be assigned to an undissociated 
complexes of the formula [(O,O’,N)CoCl2].  
 
Table 41: X-band EPR data of CoII, CuII and FeIII complexes[a] 
sample state gav g1 or g|| g2 or g⊥ g3 ∆g geometry[b]  
[Cu(OON1)Cl2] amorphous 2.148 2.267 2.128 2.048 0.219 OE or SPy 
[Cu(OON1)Cl2]n polycryst. 2.148 2.286 2.079 - 0.207 OE or SPy 
[Cu(OON1)Cl2] dissolved[c] 2.128 2.207 2.128 2.050 0.157 OE 
[Cu(OON2)Cl2] amorphous 2.145 2.247 2.134 2.053 0.194 OE or SPy 
[Cu(OON2)Cl2] dissolved[c] 2.128 2.210 2.127 2.048 0.162 OE 
[Cu(OON3)Cl2] amorphous 2.145 2.283 2.076 - 0.207 OE or SPy 
[Cu(OON3)Cl2] dissolved[c] 2.131 2.209 2.130 2.054 0.155 OE 
        
[Fe(OON1)Cl3] amorphous 2.130 2.871 2.024 1.495 1.376 TBP or OE 
[Fe(OON1)Cl3] dissolved[c] 2.014 - 2.014 - 0 TBP or OE 
[Fe(OON1)Cl2]2 polycryst. 2.063 2.723 2.052 1.414 1.309 TBP 
[Fe(OON1)Cl2]2 dissolved[c] 2.014 - 2.014 - 0 TBP or OE 
[Fe(OON3)Cl3] amorphous 2.212 3.081 2.048 1.508 1.573 TBP or OE 
[Fe(OON3)Cl3] dissolved[c] 2.014 - 2.014 - 0 TBP or OE 
        
[Co(OON1)2(µ-Cl)2CoCl2] amorphous 3.605 4.355 2.104  2.251 Oh+Td 
[Co(OON1)2(µ-Cl)2CoCl2] methanol 3.642 4.356 2.215  2.141 Oh 
[Co(OON1)2(µ-Cl)2CoCl2] acetone 3.636 4.362 2.185  2.178 Oh+Td 
[Co(OON2)2(µ-Cl)2CoCl2] amorphous 3.628 4.349 2.185  2.163 Oh+Td 
[Co(OON2)2(µ-Cl)2CoCl2] methanol 3.667 4.359 2.283  2.076 Oh 
[Co(OON2)2(µ-Cl)2CoCl2] acetone 3.653 4.358 2.242  2.116 Oh+Td 
[Co(OON3)2(µ-Cl)2CoCl2] amorphous 3.640 4.358 2.202  2.156 Oh+Td 
[Co(OON3)2(µ-Cl)2CoCl2] methanol 3.666 4.359 2.278  2.082 Oh 
[Co(OON3)2(µ-Cl)2CoCl2] acetone 3.633 4.355 2.190  2.165 Oh+Td 
  
    
  
[(pydotH2)CoCl2] amorphous 4.466 5.787 3.805  1.981 TBP 
(pydipH3)2[CoCl4] amorphous 3.753 4.357 2.546  1.811 Td 
[a] CuII and FeIII measured at 298 K, CoII measured at 4 K; averaged g value gav = (g|| + 2 g⊥) / 3 or gav = (g1 + g2 + 
g3) / 3; g anisotropy ∆g = g⊥ − g|| or ∆g = g1 − g3;  
[b] Symmetry assigned by EPR spectroscopy or XRD, SPy = square pyramidal, TBP = trigonal bipyramidal, OE = 
octahedral elongated, Oh = octahedral, Td = tetrahedral; 
[c] Dissolved in an acetone/THF (1:1) mixture 
 
 
6.7 Magnetic measurements 
 
Magnetic measurements (SQUID) were performed on the cobalt complexes to ensure that the 
EPR signals of the high spin CoII complexes are not influenced by spin-orbit interactions (which 
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might be inferred from such high g values). Figure 52 shows the χ over T plots for 
[Co(OON1)2(µ-Cl)2CoCl2] and (pydipH3)2[CoCl4]. 
 
Figure 52: χ over T plots of magnetic measurements (SQUID) performed on solid samples of 
[Co(OON1)2(µ-Cl)2CoCl2] (left) and (pydipH3)2[CoCl4] (right), H = 0.1 T 
 
The measurements reveal no extraordinary magnetic behaviour. The temperature dependence 
of the magnetic susceptibility χ clearly shows Curie-Weiss behaviour of the analysed materials 
but with different Curie-Weiss temperatures (−5.6 K for [Co(OON1)2(µ-Cl)2CoCl2] and −2.4 K 
for (pydipH3)2[CoCl4]) as well as different magnetic moments (M = 4.1 µB for [Co(OON1)2(µ-
Cl)2CoCl2] and 4.9 µB for (pydipH3)2[CoCl4]), verifying that the cobalt compounds are high spin 
complexes with marginal spin-orbit interactions. 
 
 
6.8 UV/vis/NIR absorption spectroscopy 
 
UV/vis absorption spectra were recorded in the range 200 to 1000 nm (Table 42). Due to the 
differences in complex solubility and stability, measurements of the Zn complexes were carried 
out in CHCl3 and THF, the copper complexes were measured in acetone, while iron complexes 
were measured in MeCN and Ni complexes in THF. The absorption of Cobalt complexes was 
measured in acetone (blue solution) and in methanol (red solution). Due to the different 
absorption properties and complex geometries cobalt complexes are discussed separately (see 
below). 
The absorption spectra of the Zn complexes show intense absorption bands in the UV range 
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(λ1), which can be assigned to pi-pi* transitions within the ligands.  
 
Table 42: Absorption data of zinc, copper, nickel and iron complexes[a] 
complex λ / nm; (ε / Lmol−1cm−1)  solvent 
 
λ1 λ2 λ3  
[Zn(OON1)Cl2] 264 (5179), 281 (3130)  CHCl3 
[Zn(OON2)Cl2] 262 (5798), 279 (3041)  CHCl3 
[Zn(OON3)Cl2] 263 (6328), 270 (5548)  CHCl3 
[Zn(OON1)Cl2] 271 (12098)   THF 
[Zn(OON2)Cl2] 262 (6404), 294sh (1468)  THF 
[Zn(OON3)Cl2] 271 (12684)   THF 
[Fe(OON1)Cl2]2 242 (10737), 255 
(10214) 




[Fe(OON1)Cl3] 244 (16509), 261 
(14954) 




[Fe(OON3)Cl3] 239 (9088), 264 
(8432) 




[Cu(OON1)Cl2] - [b] 379 (284) [c] 735 (25) acetone 
[Cu(OON2)Cl2] - [b] 379 (236) [c] 732 (19) acetone 
[Cu(OON3)Cl2] - [b] 385 (243) [c] 730 (24) acetone 
[Ni(OON1)Cl2]2 228 (6660) 264 (4960) 453 (62), 545sh (24), 
852 (18) 
THF 
[Ni(OON2)Cl2]2 229 (10539)  263 (8961) 461 (61), 544sh (18), 
866 (17) 
THF 
[Ni(OON3)Cl2]2 223 (12291)  264 (13449) 456 (70), 561sh (21), 
861 (22) 
THF 
[a] Absorption maxima λ / nm and extinction coefficients ε / Lmol−1cm−1 (in parentheses) 
[b] Obscured by solvent absorptions 
[c] Minor bands were found around 460 nm indicative for traces of [CuCl4]2– 
 
All three iron complexes exhibit quite similar absorption spectra in line with the EPR 
experiments. Interestingly, further long-wavelength absorption bands apart from the pi-pi* 
transitions of the ligand were observed, which indicates that FeIII is still coordinated. The 
absorption bands below 300 nm are pi-pi* absorption bands, as can be seen from their extinction 
coefficient and from comparison with the zinc complexes. Furthermore, absorption bands around 
310 nm and around 360 nm can be observed which are assigned to charge transfer transitions. 
The binuclear complex [Fe(OON1)Cl2]2 and the mononuclear [Fe(OON1)Cl3] show nearly 
identical absorption properties, the deprotonation of the hydroxy function and the loss of one 
chlorido ligand thus seem to have no influence on the spectra. 
The spectra of the copper complexes were characterised by intense absorption bands around 
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380 nm (λ2, assigned to ligand to metal charge transfer LMCT) and very broad absorption bands 
around 730 nm (λ3, d-d absorption bands of typical Jahn-Teller elongated d9 systems).  
To asses if the structure of the complexes change under the influence of the solvent 
molecules (de-coordination of the individual donor atoms of O,O’,N ligands) the absorption 
properties of [Cu(OON3)Cl2] in various solvents were studied. Table 43 lists the absorption 
maxima of the LMCT- and the d-d absorption bands in wavenumbers. 
 
Table 43: Long-wavelength absorption maxima of [Cu(OON3)Cl2] in various solvents 
solvent LMCT/cm−1 d-d[a]/ cm−1 ET /kcal mol−1[a] 
MeOH 28735 12484 55.5 
EtOH 22779 12240 51.9 
MeCN 26042 12821 46.0 
DMF 25907 11600 43.8 
acetone 25510 12987 42.2 
CHCl3 25510 15974 39.1 
THF  25063 13106 37.4 
[a] Dimroth-Reichardt parameter for the applied solvents from ref. [340] 
 
The solvent depending Dimroth-Reichardt parameter (ET) correlates with the absorption 
energies of the LMCT absorption band, only the values for the protic solvents MeOH and EtOH 
do not match the series. The LMCT absorption band is shifted to longer wavelength upon using 
solvents with decreasing ET, a plot of the relationship between LMCT and ET is shown in Figure 
53. The values of the d-d absorption bands do not correlate with ET. 





























Figure 53: Plot of the Dimroth-Reichardt parameter ET over the observed LMCT absorption energy 
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DMF, which is clearly the best ligand of all applied solvents, does not fit into the series of d-
d absorption band changes, which seem to increase with decreasing ET. It might therefore be 
stated that DMF coordinates and eventually partly replaces the O,O’,N ligands, which would be 
in line with results of the NMR experiments performed on the zinc complexes. 
Spectra of the different O,O’,N cobalt complexes exhibit nearly identical absorption spectra 


























































Figure 54: Absorption spectra recorded at 298 K; left: spectra recorded in acetone, 
[Co(OON1)2(µ-Cl)2CoCl2] (solid), [Co(OON2)2(µ-Cl)2CoCl2] (dashed) and [Co(OON3)2(µ-
Cl)2CoCl2] (dotted); middle: [Co(OON1)2(µ-Cl)2CoCl2] in methanol solution; right: solvent 
dependence of the d-d absorption bands of [Co(OON1)2(µ-Cl)2CoCl2]  
 
 
In methanol solution the complexes exhibit a weak red colour, while solutions in DMF, 
MeCN, acetone, THF, CHCl3 and CH2Cl2 are blue, Figure 54 shows spectra on various solutions 
of [Co(OON1)2(µ-Cl)2CoCl2]. The blue colour is due to absorption bands in the range of 550 nm 
to 750 nm, which are assigned to d-d transitions of tetrahedral CoII complexes.[341] The absorption 
spectra of the complexes dissolved in methanol (red solutions) show maxima around 530 nm, 
which are very weak and typical for octahedral CoII complexes.[342] Interestingly, all absorption 
spectra recorded on blue solutions also contain a weak shoulder in the range of 530 nm, which 
indicates that the spectra contain both, an octahedral and a tetrahedral cobalt ion. So it can be 
assumed that the binding motive of the neutral complexes is not destroyed upon dissolving 
[Co(O,O’,N)2(µ-Cl)2CoCl2]. These shoulders are not found in the absorption spectra recorded on 
(pydipH3)2[CoCl4], which solely contains a tetrahedral cobalt fragment and absorbs only in the 
550 to 750 nm range with maxima at 584 nm and 685 nm. 
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Table 44: d-d absorption bands of the O,O’,N CoII complexes 
compound geometry λ / nm (ε / Lmol−1cm−1) solvent 
[Co(OON1)2(µ-Cl)2CoCl2] Oh-Oh 525 (24) MeOH 
[Co(OON2)2(µ-Cl)2CoCl2] Oh-Oh 523 (26) MeOH 
[Co(OON3)2(µ-Cl)2CoCl2] Oh-Oh 523 (30) MeOH 
[Co(OON1)2(µ-Cl)2CoCl2] Oh-Td 540sh (204), 591 (622), 634sh (456), 680 (970) acetone 
[Co(OON2)2(µ-Cl)2CoCl2] Oh-Td 532sh (32), 583 (70), 663 (90) acetone 
[Co(OON3)2(µ-Cl)2CoCl2] Oh-Td 532sh (36), 581 (74), 667 (80) acetone 
(pydipH3)2[CoCl4] Td 589, 685[343] MeCN 
 
The absorption bands recorded for the O,O’,N CoII complexes in methanol are similar to the 
absorption band observed for [CoCl2(OH2)4] in water (Figure 55). [CoCl2(OH2)4] which is known 
to be octahedrally coordinated[342] exhibits an absorption band at 510 nm accompanied by a 
shoulder at 480 nm. Thus, methanol solutions of O,O’,N CoII complexes presumably contain 
exclusively octahedral coordinated CoII ions. Unfortunately these species cannot be isolated 
(solidifying the compounds from methanol solution results in blue complexes, c.f. synthesis of 


















Figure 55: Absorption spectra of [CoCl2(H2O)4] (dotted) in water and [Co(OON1)2(µ-Cl)2CoCl2] 
dissolved in methanol (solid) 
 
To further analyse the red complex species some titration experiments using THF and 
methanol as solvents were performed. Starting with [Co(OON3)2(µ-Cl)2CoCl2] in methanol 
solution, THF was added slowly and spectra were recorded simultaneously. The red solution 
turned blue upon adding THF, a retitration performed on the complex in THF/MeOH mixture 
adding methanol resulted in a red solution again. Figure 56 shows both titration steps upon 
adding THF and methanol. 
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Figure 56: Absorption spectra recorded during titration of [Co(OON3)2(µ-Cl)2CoCl2] dissolved in 
methanol using THF (solvent ratio 1:3, left); during re-titration of the obtained solution using 
methanol (right) 
 
The reversibility of the titration experiments clearly shows that the colour change is not 
caused by a decomposition reaction. The low intensity of the absorption band at 530 nm after 
retitration (Figure 56, right) is due to the dilution caused by increasing volume of solvent. As a 
result of the described experiments the following reaction is assumed to occur in methanol 
solution (Eq. 14): 
 
[Co(O,O’,N)2(µ-Cl)2CoCl2] + 2 MeOH    [Co(O,O’,N)2(µ-Cl)2CoCl2(MeOH)2]      Eq. 14 
 
 
6.9 Electrochemical investigations 
 
Electrochemical investigations were carried out on the free O,O’,N ligands as well as on Cu, 
Fe and Ni complexes (Table 45). Surprisingly, the first reduction of OON2 and OON3 was found 
to be fully reversible. The O,O’,N ligands were not expected to form stable radical anions. This 
stabilisation might be due to a similar effect which is found for triphenyl-methyl radicals and 
derivatives.[344] Comparison of the redox potentials shows that the residue’s variation (H, CH3, 
Ph) highly influences the electrochemical properties of the O,O’,N ligands, although the 
functional groups remain identical (Table 45).  
For the copper complexes reversible reductions were found around 0 V which were assigned 
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to the CuII/CuI redox couple. The three ligands do not influence the redox potentials markedly. 
This is in line with the EPR experiments, which already revealed that the CuII ions in the three 
complexes are magnetically (and thus structurally) identical in solution (Table 41). Further 
reductions (ligand centred) and oxidations occur irreversibly which is a bit surprising in view of 
the reversible reduction of the free ligands OON2 and OON3. 
The iron complexes [Fe(OON1)Cl3], and [Fe(OON3)Cl3] show reduction waves 
corresponding to the FeIII/FeII couple, while for the binuclear complex [Fe(OON1)Cl2]2 no metal 
centred reduction was detected. The oxidation wave for the FeII complex [Fe(OON3)Cl2] was 
found at the same potential than the reduction wave of the FeIII derivative proving the full 
reversibility of the redox process. 
The nickel complexes cannot be oxidised in a range between 0.0 and 2.0 V, while fully 
irreversible reduction was observed around −1.8 V. This reduction is assumed to be originated by 
a NiII to NiI reduction followed by a splitting of the terminal chlorido ligand (see above) resulting 
in Cl− and a NiII complex fragment. 
 
Table 45: Redox potentials of the free OON ligands and the CuII, FeII, FeIII and NiII complexes[a] 












[Cu(OON1)Cl2]  −0.17  THF 
[Cu(OON2)Cl2]  −0.15  THF 
[Cu(OON3)Cl2]  −0.10  THF 
     
[Fe(OON1)Cl3]  −0.39  MeCN 
[Fe(OON3)Cl3]  −0.30  MeCN 
[Fe(OON3)Cl2]  −0.32  MeCN 
     
[Ni(OON1)Cl2]2   −1.78 THF 
[Ni(OON2)Cl2]2   −1.94 THF 
[Ni(OON3)Cl2]2   −1.87 THF 
[a] from cyclic voltammetry in solvent/nBu4NPF6 mixtures; potentials in V vs. FeCp2/FeCp2+ 
 
The electrochemical measurements of the CoII complexes revealed irreversible reductions 
(Figure 57), while no oxidation processes were observed. The reductions take place at −1.5 V and 
were found (at identical potential) for all three [Co(O,O’,N)2(µ-Cl)2CoCl2] complexes as well as 
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for (pydipH3)2[CoCl4].  
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0




Figure 57: Cyclic voltammogramm of [Co(OON3)2(µ-Cl)2CoCl2] measured in THF/nBu4NPF6 at 
298 K at 100 mV s−1 scan rate; potentials in V vs. FeCp2/FeCp2+ 
 
The irreversible reduction is assigned to a complex degradation by loss of halogenido ligands 
(Figure 58, right) and is thus assumed to highly influence the absorption properties of the 
resulting complex. Therefore spectroelectrochemical measurements were carried out in 
THF/nBu4NPF6 solution at 298 K. Spectra of the reduction process are shown in Figure 58, left. 






















































Figure 58: Absorption spectra recorded during electrochemical reduction of [Co(OON3)2(µ-
Cl)2CoCl2] at −2.0 V in THF/nBu4NPF6 solution at 298 K (left); schematic drawing of proposed 
reductive complex degradation 
 
Absorption spectra measured at −2.0 V reveal that the d-d absorption bands which were 
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assigned to the tetrahedral CoCl4-fragment (see above) vanish, while an intense absorption band 
at 474 nm rises. It can be concluded, that the tetrahedral complex fragment is destroyed upon 
reduction probably due to Cl− cleavage. The new absorption band cannot be assigned to a specific 
fragment, since it even remains unclear, whether it is a charge transfer band (more likely) or a d-d 
band of a new octahedral CoII complex and further investigations have to be carried out.  
 
6.10 Conclusion on the suitability of O,O’,N donor complexes as GO models 
 
Since the O,O’,N donor ligands were found to bind in a bidentate mode, leaving in most 
cases the methoxy function uncoordinated, the complexes lack a well accessible [OPh]•+/[OPh] 
redox couple. Thus the copper complexes are not suitable as GO model compounds. 
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The three established catalyst states of the catalytic cycle of oxidation catalysis performed by 
copper phenoxyl complexes is depicted in Scheme 41.  
[CuII - OPh] [CuI - OPh]







Scheme 41: Catalytic states of copper phenoxyl complexes 
 
An important aspect is the generation of the active species CuII−[OPh]•+ and several methods 
have been described in literature:  
1. The catalytic cycle can be started using a CuI precursor, the active species is generated by 
oxidation using air oxygen[142] as described by Eq. 15: 
 
CuI−[OPh] + O2 + 2 H+  CuII−[OPh]•+ + H2O2         Eq. 15 
 
2. Another possibility is to synthesise CuII complexes and use an oxidising agent as e.g. silver 
hexafluoroantimonate, tris(4-bromophenyl)amonium hexachloroantimonate or acetyl 
ferricenium hexafluoroantimonate to generate copperII radical complexes[84,137] see Eq. 16: 
 
CuII−[OPh] + Ox+n  CuII−[OPh]•+ + Ox +n−1                     Eq. 16 
 
3. A third way is to take advantage of a disproportionation reaction of copper complexes 
following Eq. 17: 
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2 CuII −[OPh]  CuII−[OPh]•+ + CuI−[OPh]          Eq. 17 
 
Method 1 is a standard method, which works reliably and was also applied to generate the 
active enzyme from isolated apo Galactose Oxidase (GO) in vitro.[345] For method 2 it has to be 
ensured that the external oxidant does not oxidise the substrate, e.g. by previously isolating the 
radical complex. Isolation of copper phenoxyl radicals has been reported for complexes 
containing stabilising groups in ortho- and para-position at the ligands’ phenol core,[84,137] but 
isolation is impossible if stabilising substituents are missing. Method 3 is an uncommon strategy 
to generate copper phenoxyl radicals. Only few studies have been carried out to investigate the 
requirements of such reactions and until now, this strategy has not been reported as initial step in 
catalytic test reactions. 
Copper disproportionation reactions were previously observed for tripodal ligands as (shown 
in Scheme 14) dissolved in MeCN and treated with Cu(ClO4)2[153] or Cu(OTf)2 in presence of 
NEt3[130]. In these studies the reaction was described to depend on the applied coligands (OTf − or 
ClO4− respectively). The generated CuI species cannot be characterised easily, because they are 
d10 systems and therefore EPR silent. They do not show characteristic d-d absorption bands. 
Furthermore, the reaction mixture also contains CuII and conclusive NMR experiments could not 
be performed. In an earlier study Yamauchi et al. were able to isolated the CuI complex in their 
disproportionation system, they found that the CuI species was the solvent complex 
[CuI(MeCN)4]+.[153] 
In cases which exclude a radical generation upon disproportion (e.g. by applying a ligand 
which does not stabilise organic radicals) a CuII disproportionation reaction leads to the formation 
of CuIII complex species.[154] This has been reported by Stack et al. who performed the reaction at 
298 K under oxygen free conditions using triazamacrocyclic ligands (N,N,N,C-donor set) and 
Cu(OTf)2 or Cu(ClO4)2 as metal sources (Eq. 18). 
 
2 [CuIIL] → [CuIIIL]+ + [CuI(L)]−              Eq. 18 
 
In this thesis several strategies for the generation of copper phenoxyl radicals ought to be 
compared using the [Cu(triaz)2] complex (Chapter 5) as a test system. The generated radical 
species may then be applied in catalytic alcohol oxidation using the well established substrate 
benzyl alcohol. After optimising the conditions for the radical formation, the catalytic activity of 
copper complexes described in Chapters 2, 3, 4 and 5 are to be investigated in detail. 
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7.2 Phenoxyl radical generation by a copper disproportion reaction 
 
For the chemical generation of a radical copper complex a MeCN/toluene (5:3) mixture 
containing the ligand triazH was prepared. To 1 mL of this solution (1 eq triazH) 1 eq NEt3 was 
added and the mixture was stirred for five minutes. To the resulting solution varying amounts of 
Cu(OTf)2 dissolved in MeCN were added. The reaction mixtures immediately turned brown 
(charge transfer absorption band at λmax = 410 nm), indicating a radical formation as visualised in 
Scheme 42. The resulting radical species does not show exactly the same radical dependent 
charge transfer absorption band as observed for isolated [Cu(triaz)2]•+ (λmax = 404 nm). This 
indicates, that the radical complex formed upon disproportionation might contain further 
coligands (L = MeCN, OTf−, NEt3 etc.). The radical species is therefore referred as 
[Cu(triaz)2(L)n]•k+ in the following. At the same time, disproportionation leads to a reduced 
copper complex. The destinct composition of this compound is still unknown, so the complex is 
described by the general formula [CuI(L)n]p+. 
 
2 Cu(OTf)22 triazH NEt3
MeCN/toluene











Scheme 42: Proposed disproportionation reaction 
 
First disproportionation experiments were carried out at 273 K because reports on similar 
experiments have revealed that the radical species is more stable at lower temperature.[130,153] 
Furthermore, the reactions were carried out in diluted solutions (0.00025 molL−1) using varying 
amounts of Cu(OTf)2, spectra are shown in Figure 59 on the left. Almost no radical formation 
was observed (by UV/vis absorption spectroscopy) under these conditions (even if excess 
Cu(OTf)2 was used). If the same reaction was performed at 298 K in rather concentrated solution 
(0.025 molL−1, Figure 59, right), radical formation was observed by an increasing absorption 
band at 410 nm. 






































Figure 59: Absorption spectra recorded upon titration of triaz− solutions (MeCN/toluene 5:3) with 
varying amounts of Cu(OTf)2; left: c = 0.00025 molL−1, T = 273 K; right: c = 0.025 molL−1, 
T = 298 K 
 
7.3 Phenoxyl radical stability 
 
To analyse the stability of the in situ generated [Cu(triaz)2(L)n]•k+ species, time resolved 
measurements were carried out. Absorption spectroscopy was used to detect the radical 
degradation at low concentration (0.00025 molL−1). The absorption intensity of the charge 
transfer band located at 410 nm should linearly correlate, according to the Lambert-Beer rule, 
with the concentration of the radical species (absorption = ε·c·d with ε = extinction coefficient, 
c = concentration, d = cuvette diameter = optical path). Thus decreasing absorption intensity is a 
measure for decreasing [Cu(triaz)2(L)n]•k+ concentration. As time dependent measurements 
showed, the concentration of the radical complex decreases with time and after 42 h the 


































Figure 60: Absorption spectra recorded on a solution containing 2 eq triaz−, 2 eq NEt3, 1 eq 
Cu(OTf)2 in 5:3 MeCN/toluene, measured during 42 h at 298 K; right: plot of relative intensity 
(λmax = 410 nm) over time 
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A plot of the absorption intensity detected for the radical dependent charge transfer at 
410 nm over time is given in Figure 60. It shows that the degradation proceeds fast during the 
first 60 minutes and follows a (pseudo) first order reaction kinetic. First order kinetic means that 
the decay (thus the stability) only depends on the concentration of the starting material, which is 
the radical. Upon plotting ln(rel. abs/rel. abs0) over time (in seconds) the reaction constant k was 
determined to be −6.13·10−5 s−1. 
Degradation might proceed by chemical reactions leading to several unknown CuII 
complexes, or by reduction leading to the corresponding [Cu(triaz)2(L)n] complex as shown in 
Scheme 42. The product of degradation is EPR active (S = 1/2), in contrast to the CuI (d10) and 
the [Cu(triaz)2(L)n]•k+ complexes. Additionally, the copper precursor should give an EPR signal if 
not completely consumed by coordination or disproportionation reaction leading either to 
[Cu(triaz)2(L)m] or to [Cu(triaz)2(L)n]•k+. Under the present conditions it can be assumed that the 
copper sources are coordinated rapidly and thus the EPR signal is not due to the precursor. The 
stability of the radical can be determined upon measuring the concentration of degradation 
products by EPR. The time dependent EPR measurements (Figure 61) were performed during 




















Figure 61: Left: EPR spectra recorded on a sample containing 2 eq triaz− and 1 eq Cu(OTf)2 in 
5:3 MeCN/toluene at 298 K (0-60 min); right: time dependence of the signal intensity during (0-
180 min) 
 
The recorded spectra revealed increasing signal intensity with a fast signal growth during the 
first 20 minutes. The EPR signal clearly belongs to a copper centred unpaired electron 
(∆H = 300 G) and thus is assigned to a [Cu(triaz)2(L)m] complex. In general, the EPR signal 
intensity linearly correlates with the number of unpaired spins in the sample (one unpaired 
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electron per [Cu(triaz)2(L)m] complex). A plot of the signal intensity over time shows a (pseudo) 
first order reaction kinetic. Upon plotting ln(I/I0) over time (in seconds) the reaction constant k 
was determined to be 5.52·10−4 s−1. The reaction therefore proceeds aproximately ten times faster 
at c = 0.025 molL−1 compared to diluted solution (c = 0.000025 molL−1). This is another 
indication of a first order kinetic. 
 
 
7.4 Variation of the copper source 
 
Another question which was addressed using the triaz system is the influence of the applied 
copper source. Previous reports discuss the importance of the CuII salt anion for the 
disproportionation and stated that the radical formation depends on application of counter ions 
such as OTf − and ClO4−.[130,153] 
More likely, the radical formation relates to the redox potentials of the applied copper source 
(which is expected to differ only marginally) and the [OPh]•+/[OPh] redox couple of the copper 
complex. To investigate the influence of the copper source, the afore mentioned 
disproportionation reaction was carried out (page 161) using CuCl2, CuBr2, Cu3(PO4)2, Cu(C2O4), 
Cu(OAc)2, Cu(OTf)2, Cu(OTs)2, Cu(NO3)2, Cu(ClO4)2, Cu(SCN)2 and [Cu(MeCN)4](TFA)2. 
Furthermore, perchlorate salts containing other cations (Ni(ClO4)2 and NH4ClO4) were used to 
perform a radical generation reaction. Again, the formation of the radical species was observed 
by absorption spectroscopy (absorption band with λmax = 410 nm) and the resulting products of 
the decay were examined by EPR spectroscopy, spectra are presented in Figure 62.  
300 400 500
 [Cu(MeCN)4](TFA)2  Cu(OAc)2    
 Cu(OTs)2                Cu(OTf)2
 Cu(SCN)2    Cu(ClO4)2  
 CuBr2                    CuCl2  
 Cu(NO3)2
 Cu(C2O4)                    Cu3(PO4)2



























Figure 62: Absorption spectra (left) and X-band EPR spectra (right) recorded on mixtures of 
various CuII salts and triaz− in MeCN/toluene 5:3 at 298 K 
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The absorption spectra (Figure 62, left) were recorded after 5 min of reaction time and show 
that most of the copper salts lead to the formation of a radical species. Absorption spectroscopy 
showed that this is not the case for Cu3(PO4)2 and Cu(C2O4), which might be due to the low 
solubility of these salts in the applied solvent mixture. Furthermore, the perchlorate salts 
NH4ClO4 and Ni(ClO4)2 did not lead to a radical formation. Thus, in our experimental setup, it 
seems that the disproportion reaction is not depending on the applied copper source.  
EPR spectra recorded on the degradation products [Cu(triaz)2(L)m] (Figure 62, right) exhibit 
axial signal shape with gǀǀ > g⊥, which are nearly identical no matter which copper source was 
used. Solely the gǀǀ part of the spectrum varies. These variations might indicate incorporation of 
(some of) the anions as ligands into the coordination sphere of the CuII complexes. 
 
 
7.5 Influences of the base 
 
For a better understanding of the course of the disproportionation reaction (Scheme 42) also 
the influence of the applied base was examined. Therefore the type (a) and the amount (b) of base 
were modified.  
The disproportionation reaction fails in the absence of base (indicated by green colour of the 
reaction mixture and a lacking charge transfer absorption band at λmax = 410 nm). Therefore 
comparative experiments using different bases varying in base strength, type (primary, secondary 
and tertiary amines, alcoholates, acetates), sterical demand and donor abilities (coordination 
strength towards copper) were carried out. Reactions were performed following the already 
described instructions, characterisation was performed by absorption spectroscopy and spectra 











































Figure 63: Absorption spectra recorded on mixtures of 2 eq triazH, 1 eq Cu(OTf)2 and 0.1 eq of 
amine bases (left) and 0.1 eq of KOtertBu and NaOAc (right) at 298 K in MeCN/toluene 5:3 
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While solutions containing amine bases mostly show a charge transfer absorption band at 
410 nm (with varying intensities), the absorption spectra recorded on solutions containing 
KOtertBu or Na(OAc) show a blue shift of the UV absorption band from 311 nm to 294 nm 
combined with a decrease of the band around 350 nm but no radical specific absorption band 
around 410 nm. Thus, not any base is appropriate for application in this type of 
disproportionation reaction. Also, Trinbutylamine, tribenzylamine, diisopropylamine, Hünig-base 
(ethyl-diisopropylamine) do not lead to marked amounts of radical species, while the bases 
pyridine, DBU (1,8-diazabicylco[5.4.0]undec-7-ene) and tertbutylamine can be applied with more 
success than NEt3 (Table 47). Hence, the ideal base seems to be strong (pKa) and should possess 
good donor abilities towards copper (qualitatively N atoms with small sterical hindrance seem to 
be favoured).  
 
Table 47: Variation of the applied base 
base pKa 
rel. abs  
at λmax = 410 nm  
(c = 2.5·10−4) 
NaOAc 0.1 eq 4.76[a] 0.4 
pyridine 0.1 eq 5.23[346] 1.1 
tribenzylamine 0.1 eq 6.90[346] 0.1 
trinbutylamine 0.1 eq 9.99[346] 0.4 
NEt3 0.1 eq 10.62[346] 0.50 
tertbutylamine 0.1 eq 10.68[346] 1.0 
diisopropylamine 0.1 eq 10.76[346] 0.3 
Hünig-base 0.1 eq 10.98[346] 0.2 
DBU 0.1 eq 13.28[346] 1.5 
KOtertBu 0.1 eq 18.00[347] 0.4 
    
NEt3 0.5 eq  0.45 
NEt3 0.75 eq  0.41 
NEt3 1.0 eq  0.39 
NEt3 2.0 eq  0.15 
NEt3 5.0 eq  0.13 
NEt3 10.0 eq  0.02 
 
[a] pKa of acidic acid 
 
This implies that the used base does not only adopt “base functionality” during the reaction, 
but also stabilises a copper species during the reaction (e.g. by coordination or by weak 
interactions). This might either be the CuII phenoxy complexes [Cu(triaz)2(L)n]•k+ or the CuI 
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disproportionation product [CuI(L)n]p+ or both. For the well working bases the absorption 
wavelength of the copper d-d absorption band was observed to increase along the series λd−d = 
640 nm (pyridine) < 732 nm (DBU) < 750 nm (tertbutylamine) < 758 nm (NEt3). These bands 
suggest that a CuII species (oxidised or parent species) is stabilised by the bases, with pyridine 
inducing the strongest ligand field and NEt3 inducing the weakest ligand field.  
Besides the type of base also the amount might influence the radical generation. Therefore, 
the four best suited bases NEt3, DBU, pyridine and tertbutylamine were chosen to perform 
experiments on varying the base concentrations. Figure 64 shows all four experiments, using base 




















































































































Figure 64: Absorption spectra of reaction mixtures containing 2 eq triazH and 1 eq Cu(OTf)2 in 
MeCN/toluene 5:3 using different amounts of base, NEt3 (top, left), pyridine (top, right), DBU 
(bottom, left) and tertbutylamine (bottom, right) at 298 K 
 
The radical is formed reliably upon adding 0.1 – 1.0 eq base, while excess of NEt3 (2.0 eq – 
10.0 eq) yields almost no radical species in solution. At the same time, it is observed that 
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increasing amounts of base lead to the formation of precipitates. In case of NEt3 this is a dark 
green, insoluble material, from the pyridine solution a dark blue precipitate was isolated. The 
EPR spectrum of the green powder formed upon using NEt3 as base shows several overlapping 
CuII signals, which are assigned to different CuII ions. Presumably the green solid is an 
inhomogeneous polymer.  
The blue material formed upon using pyridine as base shows an axial EPR signal (gǀǀ > g⊥) 
with typical shape and g values for mononuclear CuII complexes of (elongated) octahedral or 
square planar geometry.[215,228-231] The g value of the compound is gǀǀ = 2.126 and g⊥ = 2.048 
(Figure 65, left). An absorption spectrum recorded on the blue substance was measured in MeCN 
solution (Figure 65, right). Two absorption bands were found, one at 254 nm and another at 
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Figure 65: X-band EPR spectrum and absorption spectrum of the blue precipitate isolated from a 
mixture of 2 eq triazH, 1 eq Cu(OTf)2 and excess pyridine in MeCN/toluene 5:3 at 298 K 
 
The blue species could be crystallised from a mixture of 2 eq triazH, 1 eq Cu(OTf)2 and 
excess (~10 eq) pyridine in MeCN/toluene 5:3 at 277 K. Single crystals were suitable for XRD 
and structure solution and refinements in the monoclinic space group P21/c was carried out with 
the results collected in Table 48. In the crystal structure (Figure 66, left) the complex 
[Cu(py)4(OTf)2] is co-crystallised to two pyridine molecules per unit cell. Figure 66, right shows 
the molecular structure of [Cu(py)4(OTf)2], which is a Jahn-Teller elongated octahedral complex. 
A crystal structure of this complex has already been reported[348] (orthorhombic space group 
Pbcn), but without further pyridine content in the crystal. Nevertheless the molecules in both 
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structures are similar and the molecular structure of [Cu(py)4(OTf)2] is therefore not further 
discussed. 
To ensure that the blue powder obtained from the reaction mixture only contains 
[Cu(py)4(OTf)2] further investigations have to be carried out e.g. powder XRD or XAS. 
Nevertheless it seems obvious that application of excess base removes copper ions from the 




Figure 66: ORTEP representation of [Cu(py)4(OTf)2] left: unit cell content, right: molecular 
structure of (50% probability level), H atoms omitted for clarity 
 
Table 48: Solution and refinement data of [Cu(py)4(OTf)2]·2 py 
formula C32H30CuF6S2N6O6 abs. coeff / mm−1 0.767 
f. w. /g mol–1 836.28 refl. coll. 47563 
crystal system monoclinic data / restr. / param. 8425 / 0 / 558 
crystal shape block h, k, l −25 < h < 25 
colour blue  −10 < k < 11 
space group P21/c (No. 14)  −27 < l < 26 
a /Å 19.545(5) goof on F2 0.702 
b /Å 9.326(5) Rint 0.1010 
c /Å 20.958(5) final R indices R1 = 0.0388 
α /° 90.0 [I>2σ(I)] wR2 = 0.0643 
β /° 97.841(5) R indices (all data) R1 = 0.1332 
γ /° 90.0  wR2 = 0.0786 
volume /Å3, Z 3784.0(2), 4 largest diff. 0.320 and −0.487 
F(000) 1708 p. a. h. /e Å–3  
density / g cm−1 1.468   
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Another reaction parameter which is expected to affect the radical stability is the 
composition of the solvent mixture. Again disproportionation reactions at 298 K were performed 
using Cu(OTf)2 and NEt3 as base. The applied solvent mixtures were varied from 0:1 
(toluene/MeCN) to 1:0 (toluene/MeCN), absorption spectra of each mixture were recorded and 
are presented in Figure 67. This variation leads to intensity changes of the radical indicating 
absorption band at 410 nm. This band only occurs in solvent mixtures with at least 50% MeCN. 
The reason might be that solvent mixtures with very low polarity quench the radical species (such 
mixtures support radical degradation) and that MeCN stabilise the radical species by 
coordination.  























Figure 67: Absorption spectra of [Cu(triaz)2(L)n]•k+ in variouse mixtures of toluene/MeCN, * 
markes the 5:3 solvent mixture used according to former describtions 
 
To examine whether the polarity or the donor capacity of MeCN is important for radical 
stabilisation, polar solvents which are weaker ligands (for CuII coordination) than MeCN were 
used. Reactions were carried out in acetone, THF and DME (1,2-dimethoxy ethane), the radical 
formation was determined by absorption spectroscopy as already described. In all three cases an 




7.6 Catalytic oxidation using the phenoxy radical complex [Cu(triaz)2(L)n]•k+  
 
A series of catalytic test reactions using benzyl alcohol and yielding benzaldehyde was 
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carried out to allow a comparison of two different radical generating methods (Eq. 19 and 20).  
 
[(CuI(OTf))2(µ-C7H8)] + 2 m L + 4 triaz−  2 [CuI(triaz)2(L)m]n−       Eq. 19a 
[CuI(triaz)2(L)m]n− + O2  [CuII(triaz)2(L)m]•k+ + O22−       Eq. 19b 
 
2 triaz− + Cu(OTf)2  [Cu(triaz)2(L)n]•k+ + [CuI(L)n]p+          Eq. 20 
 
with L = MeCN, NEt3 or OTf − 
 
The catalytic active species is the CuII radical complex [Cu(triaz)2(L)n]•k+. This radical is 
either generated as outlined in the previous paragraphs by mixing 2 eq triazH with 0.1 eq NEt3 
and 2 eq Cu(OTf)2 in MeCN/toluene 5:3 (Eq. 20) or by mixing 2 eq triazH, 0.1 eq NEt3 and 0.5 
eq [(Cu(OTf))2(µ-C7H8)] in MeCN/toluene 5:3 (Eq. 19). After 3 minutes benzyl alcohol and 
NaOH (solid) were added to the mixtures (2.5%mol). Furthermore, a reference reaction was 
carried out using benzyl alcohol and NaOH (solid) without any catalyst. The reaction mixtures 
were stirred under normal atmosphere in oxygen saturated solution (solvent mixture was bubbled 
with pure oxygen for 5 minutes before starting the reactions). During two hours reaction time 
samples were taken from the reaction mixture and analysed by NMR spectroscopy. The intensity 
(integral) of the benzaldehyde proton was used as measure to quantify the product content of the 
samples. While the reaction mixture without catalyst only showed benzyl alcohol, the other 
mixtures were found to contain benzaldehyde. In Figure 68 a typical plot of the product 
concentration over the reaction time is shown. 












reaction time / min
 
Figure 68: Plot of the benzaldehyde yield; using a CuI precatalyst (square)  or the 
[Cu(triaz)2(L)n]•n+ species generated in disproportionation reaction (triangle) 
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At a first glance the CuI method is superior to the CuII method. 2.5%mol catalyst is a 
comparably small amount,[349] nevertheless the oxidation yields 15% product after 30 min 
reaction time. Thus final product concentration is far higher (four times higher after 60 minutes 
reaction time). The reaction conditions seem to be not ideal for the CuI method as can be seen 
from the short life time of this species, which is inferred from the product concentration. After 
30 min reaction time the product concentration does not increase anymore, thus the catalyst 
presumably was destroyed. A further indication for catalyst destruction is a green brown 
precipitate formed upon carrying out the reaction.  
The low catalytic activity found for the CuII method (Eq. 20) might be explained best by a 
low concentration of active molecules. Right from the beginning the product concentration 
increases very slowly but constantly during the whole measurement. Thus it has to be assumed 
that the disproportionation reaction does not proceed quantitatively, so that the amount of active 
species is far lower than 2.5%mol. The life time of the radical species in this solution is higher 
than life time of the radical in solution formed by the CuI method. Generation of the active 
species is assumed to proceed quantitatively for the CuI method as shown in Eq. 19, therefore the 
number of catalytic cycles of the triaz catalyst was determined from this method and was 
calculated to be 6.8 per 30 minutes (meaning that one catalytic cycle takes 4 minutes). 
Presumably, a too low catalyst concentration accounts for this long period. 
 
 
7.7 Catalytic activity of copper complexes from Chapters 2, 3 and 4 
 
For catalytic test reactions performed on the systems presented in Chapters 2 to 4 the 
reaction described in the previous paragraph was used. Since the radical generation by using a 
CuI precatalyst was superior to the method using a disproportionation to form the active species 
(Chapter 7.6) further catalytic test reactions were carried out using the CuI method. Accordingly 
not the isolated copper complexes (which were characterised and described in former chapters) 
were used for catalysis but the free ligands mixed with the complex [(Cu(OTf))2(µ-C7H8)]. The 
substrate used in these reactions was again benzyl alcohol and catalyst concentration was 
enlarged (10%mol), details of the reaction parameters can be found on page 163. The product was 
detected by 1H NMR spectroscopy using the aldehyde proton as a measure for the reaction rate. 
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Samples were taken after 1 h and 17 h reaction time. Table 49 summarises the results of the 
catalytic test reactions. 
 
Table 49: Overview on catalytic test reactions performed with catalysts synthesised and 
characterised in this study 
applied ligand from Chapter % product after 1 h % product after 17 h 
pydicOIPh 2.1 - - 
LOMe2 2.2 - - 
LOH2 2.2 2.9[a] 21.1[a] 
LOMe4 2.2 2.6 18.3 
LOH3OMe 2.2 -[a] -[a] 
LOMe2iPr 2.2 - - 
LOH2iPr 2.2 - - 
bqOH 3.2 1.6[a] 53.6[a] 
acrOMe 3.3 0.3[a] 0.4[a] 
acrOH 3.3 6.3[a] 6.3[a] 
(NH)2salPh2 4 25.6 67.6 
Me2salF4 4 9.1 81.5 
Ph2sal 4 4.8 70.0 
salPh2 4 -[a] -[a] 
(NH)2sal 4 - - 
(NMe)2saltertBu4 4 3.3[b] 38.8[b] 
[a] Catalyst precipitated at the beginning or during the reaction 
[b] The reaction was performed with 3%mol instead of 10%mol 
 
Table 49 summarises the amount of benzaldehyd obtained in catalytic test reactions. 
Obviously there are large differences in catalytic activity of the systems as inferred from the 
different yields ranging from 0% to 81.5%. High yields (above 50%) are only found for salen 
type ligands and bqOH, validating that most of the catalysts possess rather low efficiency.  
Complexes containing methoxy functions generally perform catalytic oxidation similar to 
systems containing hydroxy functions although not all OMe systems are catalytically active. 
Aromatic stabilisation is a working strategy for oxidation catalysts, as the systems bqOH and 
acrOH show. Complexes containing these ligands were found to possess very poor solubility and 
even formed precipitates during the catalytic test reaction; nevertheless they were found to be 
active (due to remaining catalyst molecules in solution or due to heterogeneous catalysis). 
The systems containing pydicOIPh, LOMe2 and (NH)2sal are not substituted on the phenol 
cores and thus their inactivity is not surprising. Catalytic reactions performed with partly 
substituted systems such as LOH3OMe, LOMe2iPr, LOH2iPr and salPh2 did not reveal any 
product formation as well. An explanation can hardly be found since other partly stabilised 
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systems such as (NH)2salPh2 produced high amounts of benzaldehyde and even non substituted 
systems such as LOH2 show catalytic activity. Furthermore, some partly substituted systems 
revealed very promising electrochemical properties upon spectroscopic characterisation.  
Interestingly, some catalysts are nearly inactive after 1 h (no increasing product 
concentration after 1 h reaction time) such as acrOMe and acrOH, while other systems showed 
low product concentration after 1 h and very high product concentration after 17 h reaction time 
(e.g. Me2salF4). These results lack helpful tendencies to further draw general conclusions. At 
least it might be very helpful to perform detailed catalytic test reactions in a more standardised 
way e.g. using a reaction automat. 





This thesis gives an account on the preparation and characterisation of new CuII 
complexes bearing bis-phenoxido pincer ligands, phenalenone-, benzoquinone-, acridine-, 
salen type-, O,O’,N donor ligands (derivatives of (2-methoxyphenyl)(pyridin-2-yl)methanol), 
triazol- and pydic-ester (pydic = pyridine-2,6-dicarboxylic acid) ligands. Detailed studies 
using XRD, EPR and absorption spectroscopy as well as elemental analysis, allowed to 
identify the compositions and geometries of all complexes in the solid state and in solution. 
All of the ligands contain one or two phenoxy moieties, which take part in copper 
coordination in most cases. Solely for O,O’,N donor ligands and pydic-ester ligands the 
phenoxy donor function were not coordinated. 
The new complexes were studied in detail focusing on three aspects important for their 
suitability to perform oxidation catalysis especially conversion of alcohols to aldehydes 
(Eq. 21).  
 
R−CH2−OH    R−CH=O + 2 e− + 2 H+                 Eq. 21 
 
Since this reaction requires two electrons, a suitable catalyst should transfer two electrons and 
thus needs two (more or less coupled) redox centres. In copper phenoxyl complexes these 
centres correspond to the redox couples CuII/CuI and [PhO]•+/[PhO] (Scheme 43), a 
combination which is inspired by naturally occurring oxidation catalysts such as the 





















Scheme 43: General drawing of a copper phenoxy complex and its phenoxyl species with two 
mesomeric forms 
 
The two redox couples of each complex were studied by electrochemical methods (cyclic 
voltammetry and spectroelectrochemistry) focussing on three important aspects: (i) the 
potential and the reversibility (or rather the peak-to-peak separation) of the CuII/CuI redox 
process, which is closely linked to the flexibility of the copper coordination sphere; (ii) the 
potential and reversibility of the [PhO]•+/[PhO] redox couple which largely depends on the 
structure of the phenoxyl-ligands and (iii) the energy of the metal (CuII)-to-ligand ([PhO]•+) 
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charge transfer (LMCT) absorption band of the radical complexes, which were examined by 
spectroelectrochemical measurements using absorption spectroscopy as detection method. 
The emergence of the LMCT band (in the range 400 to 600 nm) indication for the radical 
generation or decay and the energy of the transition is an excellent quantitative measure for 
the stability of the formed radicals. Besides determination of physical properties, all 
complexes have been applied in catalytic test reactions using benzyl alcohol as the substrate 
to determine the catalytic potential of the complexes. In Figure 69 the obtained data are 











































































Figure 69: Plot of E½([PhO]•+/[PhO]) (square), E½(CuII/CuI) (circle), ELMCT (triangle) and 
catalytic activity (bares) of selected copper complexes 
 
The electrochemical potential for the CuII/CuI redox couple varies from 0.23 V for 
[Cu(bqOH)Cl2] to −0.33 V for [Cu(triaz)2] and is reversible for all complexes. The potentials 
of ligand centred oxidation ([OPh]•+/[OPh]) differ stronger from those of the CuII/CuI redox 
couple, they range from 1.01 V ([Cu(acrOMe)Cl2]) and 0.15 V ([Cu(triaz)2]). No correlation 
was found between both redox couples, hence ∆E½ is low for some complexes (e.g. 0.32 V for 
[Cu(bqOH)Cl2]) and high for others (e.g. 0.87 V for [(Me2salF4)Cu]. In general, the stability 
of the electrochemically formed radicals is influenced by the potential of the [PhO]•+/[PhO] 
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redox couple (the lower the more stable) and by the spin density (the higher the spin dilution 
or the larger the area of delocalisation, the more stable the unpaired electron). Consequently, 
there are two ways to stabilise the copper phenoxyl radicals, which both have been used in the 
present study. On one hand, substitution of the phenol core can increase the electron density 
and therefore lower the [PhO]•+/[PhO] potential. Suitable are substituents with +I effect, e.g. 
alkyl groups, with −I and +M effect e.g. halogens and with a +M effect, e.g. methoxy groups. 
On the other hand, using ligands with enlarged aromatic scaffolds leads to spin dilution by 
delocalisation of the unpaired electron (mesomeric forms) (e.g. in benzoquinone or acridine).  
Figure 69 also shows the energy of the absorption bands assigned to the copper phenoxyl 
radical MLCT, which range from 371 nm (for [(LOMe4)CuCl2]) to 542 nm (for 
[(Me2salF4)Cu]). Interestingly, the tendencies found for E½([PhO]•+/[PhO]) and ELMCT are not 
identical, thus the stability of the phenoxyl radicals inferred from spectroelectrochemical 
measurements and inferred from electrochemical measurements are not identical. 
Generally, the absorption bands of the complexes containing larger aromatic scaffolds 
(fused aromatic rings, e.g. phenanthrenes) lie at longer wavelengths than absorptions observed 
for systems containing six membered rings. This indicates that the radical is stabilised by 
delocalisation in the aromatic pi-system. An unexpected long absorption wavelength was 
found for [(Me2salF4)Cu], that presumably may be ascribed to the influence of ortho and para 
substitution at the phenol core or to the formation of a second phenoxyl radical in the 
complex. Such biradical complexes show a long-wavelength absorption assigned to an inter-
ligand CT between both radicals. Inter-ligand charge transfer absorption bands normally lie in 
the range of 500 to 650 nm and thus the absorption band at 542 nm observed for 
[(Me2salF4)Cu] might also be assigned to an inter-ligand charge transfer absorption.  
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Figure 70: Catalytic benzyl alcohol oxidation using the triaz catalyst generated by two 
alternative methods 
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A study on catalytic activity was performed using benzyl alcohol as substrate and the 
product formation was monitored by 1H NMR spectroscopy. Detailed investigations were 
carried out using the triazH system (Figure 69). First experiments focused on radical 
generation (= generation of the catalytic active species) under reaction conditions. Two 
alternative strategies were compared: (1) application of a CuI precursor in the presence of O2; 
(2) application of a CuII precursor inducing a disproportionation reaction.  
As shown in Figure 70, the reaction starting from a CuI precursor was more successful 
and yielded higher amounts of benzaldehyde than the reaction starting from CuII. It can be 
concluded that the disproportionation reaction leads to very low concentration of active 
species, whereas the use of CuI precursors results in higher concentration of radical species 
and therefore works more reliably. So catalytic benzyl alcohol oxidation was performed using 
the ligands analysed in this thesis for in situ generation of radical complex species by the CuI 
method, Figure 69 presents results of the catalytic test reactions (bares). 
At first glance, the catalytic activity of the different systems does not correlate to their 
physical properties (e.g. electrochemical potentials for radical generation or copper 
reduction). From the systems with extended aromatic ligand scaffold only the bqO complex 
exhibits reasonable catalytic activity. The most obvious reason for the lacking catalytic 
activity of systems with extended aromatic ligand scaffold (although they show high radical 
stability) is the poor solubility of such complexes. Therefore, the activity found for the bqO 
system is surprising, since bqO even precipitated during the catalytic test reaction. Systems 
containing methoxy donor ligands turned out to be not suitable for application in catalysis. 
Complexes containing Cu−OMe bonds posses higher redox potentials for both redox couples 
[PhO]•+/[PhO] and CuII/CuI, than the corresponding complexes with hydroxy donor functions 
and the resulting catalytic activity is low. However, reasonable activity was found for the 
tetra-methoxylated (LOMe4) ligand. Salen type ligands, which have previously been shown to 
be suitable as oxidation catalysts, are the most efficient systems in this series. Nevertheless, 
none of the analysed systems are as active as established copper phenoxyl complexes.  
Generally, the present investigations confirm that systems containing substituted phenol 
cores are more suitable for of phenoxyl radical generation as well as for application in 
catalysis. Nevertheless, some surprising exceptions were found such as the high catalytic 
activity of the non-stabilised system [(Ph2sal)Cu] or the fluorine-stabilised system 
[(Me2salF4)Cu]. Thus, further investigation on partly or non-stabilised systems are useful and 
might lead to highly active catalysts. 
 





NMR spectra were recorded on a Bruker Avance II 300 MHz spectrometer, using a triple 
resonance 1H, nBB inverse probe head. The unambiguous assignment of the 1H and 13C 
resonances was obtained from 1H NOESY, 1H COSY, gradient selected 1H, 13C HSQC and 
HMBC experiments. All 2D NMR experiments were performed using standard pulse 
sequences from the Bruker pulse program library. Chemical shifts were relative to TMS.  
 
UV/vis/NIR absorption spectra were measured on Varian Cary50 Scan or Shimadzu UV-3600 
photo spectrometers.  
 
UV/Vis emission spectra were recorded with a Spex FlouroMax-3.  
 
Elemental analyses were carried out using a HEKAtech CHNS EuroEA 3000 Analyzer.  
 
EPR spectra were recorded in the X-band on a Bruker System ELEXSYS 500E equipped with 
a Bruker Variable Temperature Unit ER 4131VT (500 to 100 K or an Oxford Instruments 
helium-cryostat (300 to 4 K); the g values were calibrated using a dpph sample. Simulation of 
the EPR spectra were performed using the PEST Winsim software.[305] 
 
Electrochemical experiments were carried out in 0.1 M nBu4NPF6 solutions using a three-
electrode configuration (glassy carbon working electrode, Pt counter electrode, Ag/AgCl 
pseudo reference) and an Autolab PGSTAT30 potentiostat and function generator. The 
ferrocene/ferrocenium couple (FeCp2/FeCp2+) served as internal reference.  
 
UV/Vis spectroelectrochemical measurements were performed with an optical transparent 
thin-layer electrochemical (OTTLE) cell.[350] 
 
Magnetic Susceptibilities were measured with a SQUID magnetometer (MPMS-5S, Quantum 
Design) in a temperature range of 2 to 300 K at a magnetic field of H = 0.1 T. 
 
Crystal structure determinations were performed at 293(2) K (despite for [Cu(py)4(OTf2)], 
which was measured at 273(2) K) using graphite-monochromatised Mo-Ka radiation 
(λ = 0.71073 Å) on IPDS II (STOE and Cie.). The structures were solved by direct methods 
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using SHELX-97 and WinGX (SHELXS-97)[351] and refined by full-matrix least-squares 
techniques against F2 (SHELXL-97)[352]. The numerical absorption corrections (X-RED 
V1.22; Stoe & Cie, 2001) were performed after optimising the crystal shapes using X-SHAPE 
V1.06 (Stoe & Cie, 1999)[353]. The non-hydrogen atoms were refined with anisotropic 
displacement parameters. H atoms were included by using appropriate riding models. 
 
Water free reactions were carried out under inert gas conditions and performed using Schlenk 
techniques. Solvents were dried using a MBRAUN MB SPS-800 solvent purification system. 
 
9.2 Synthesis 
Starting materials: The nickel complexes [(PPh3)2NiBr2],[354] [(dppe)NiCl2][355] and 
[Ni(acac)2][356] were synthesised by procedures described in literature, as well as the organic 
components 4-Iodo-1,3-dimethoxybenzene,[357] 2-(2-methoxyphenylamino)benzoic acid (from 
anthranilic acid and 2-iodo-anisol)[297] and 1-hydroxidophenalenone-9 (opoH)[358]. 
Catalytically applied Cu0 was activated as described previously.[359]  
The ligands 10-hydroxybenzo-[h]-quinoline was purchased from Across Organics and 2,4-
ditertbutyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)phenol was purchased from ABCR. 
 
[Cu(MeCN)4](TFA)2: 2.0 g (15 mmol) CuCl2 (anhydrous) was dissolved in 100 mL MeCN 
and 20 mL trifluoroacetic acid and refluxed over night. The remaining solution was 
evaporated to 50 mL and the product was precipitated by cooling to 273 K as a blue powder. 
Yield: 4.30 g (9.5 mmol 63%). Elemental analyses: calc (for C12H12F6N4O4Cu; M = 453.78 
g mol−1) N 12.35; C 31.76; H 2.67; found: N 12.33; C 31.74; H 2.66. 
Cu(OTs)2: 1.0 g (5.5 mmol, 1 eq) Cu(OAc)2 was dissolved in 50 mL MeCN. 3.0 g (excess) p-
toluenesulfonic acid were dissolved in 50 mL MeCN and was added in small portions to the 
Cu(OAc)2 solution. 150 mL diethyl ether were added upon which a pale blue precipitate was 
formed. After 1 h the precipitate was filtered off and washed with diethyl ether and dried at 
ambient temperature. Yield: 0.69 g (1.7 mmol, 31%). Elemental analyses: calc (for 
C14H14S2O6Cu; M = 405.93 g mol−1) C 41.42; H 3.48; 15.80; found: C 41.71; H 3.40; S 14.83. 
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Pyridine-2,6-dicarbonyl dichloride: 2.0 g pyridine-2,6-dicarboxylic acid (12 mmol, 1 eq) 
was suspended in 100 mL SOCl2. The mixture was refluxed for 72 h at 366 K. The resulting 
yellow solution was evaporated under reduced pressure to yield a colourless oil. 350 mL 
cyclohexane were added and the mixture was cooled to 278 K. After 4 h the precipitated 
product was collected by filtration and dried under vacuum to yield colourless needles. Yield: 
2.24 g (11 mmol, 88%). mp: 335 K. NMR (300 MHz, [D6]-acetone): 1H: 8.55-8.41 (m, 3H, 
H3,4,5Py,). 13C: 170 (2C, Ccarbonyl), 150 (2C, C2,6Py), 142 (1C, C4Py), 131 (2C, C3,5Py) ppm. 
Elemental analyses: calc (for C7H3NO2Cl2; M = 204.01 g mol−1) N 6.87; C 41.21; H 1.48; 
found: N 6.83; C 41.13; H 1.30. 
Bis(2-iodophenyl) pyridine-2,6-dicarboxylic ester (pydicOIPh): 1.0 g (5 mmol, 1 eq) 
pyridine-2,6-dicarbonyl dichloride was dissolved in 20 mL dry diethyl ether. 2.3 g (10 mmol, 
2 eq) of 2-iodo-phenol were dissolved in 30 mL dry diethyl ether. 10 mg 4-
dimethylaminopyridine (5%mol) and 0.7 mL NEt3 were added to the alcohol mixture, which 
was then cooled using an ice bath. The acid chloride solution was dropped slowly into the 
alcohol mixture and precipitation of the product started immediately. After stirring for 1 h at 
273 K, 0.7 mL NEt3 were added at 298 K and the mixture was stirred for 16 h. The formed 
colourless precipitate was filtered off and washed with 5 mL diethyl ether. The remaining 
powder was dried on air to yield 2.35 g (4.1 mmol, 82%). NMR (300 MHz, [D7]-dmf): 1H: 
8.64 (d, 2H, H3,4Py), 8.47(t, 1H, H5Py), 7.94 (d, 2H, H3Ph), 7.51 (t, 2H, H5Ph), 7.47 (d, 2H, H6Ph), 
7.11 (t, 2H H4Ph) ppm. Elemental analyses: calc (for C19H11NO4I2; M = 571.10 g mol−1) N 
2.45; C 39.96; H 1.94; found: N 2.43; C 39.89; H 1.93. 
[(pydicOIPh)CuCl2]: 100 mg (0.18 mmol, 1 eq) pydicOIPh were dissolved in 15 mL 
methanol. 24 mg (0.18 mmol, 1 eq) CuCl2 (anhydrous) were dissolved in 10 mL methanol and 
both solutions were mixed and stirred at 298 K for 16 h. The solvent was evaporated to yield a 
brown powder, 85 mg (0.12 mmol, 67%). Elemental analyses: calc (for C19H11CuCl2NO4I2; M 
= 705.56 g mol−1) N 1.99; C 32.34; H 1.57; found: N 2.02; C 32.00; H 1.62. 
[(pydic)Cu(OH2)2]n: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonyl dichloride were 
dissolved in 15 mL methanol. 67 mg (0.5 mmol, 1 eq) CuCl2 (anhydrous) and 1 mL (excess) 
NEt3 were added and the whole mixture was stirred at 298 K for 16 h. The resulting green 
solution was evaporated to dryness to yield 33 mg (0.12 mmol, 24%) turquoise crystals. 
Elemental analyses: calc (for C7H7CuNO6; M = 264.68 g mol−1) N 5.29; C 31.76; H 2.67; 
found: N 5.14; C 32.09; H 2.72. 
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[Cu(OH2)6][(Cu(pydic)µ-Cl)2]: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonyl dichloride 
were dissolved in 15 mL methanol. 81 mg (0.6 mmol, 1.2 eq) CuCl2 (anhydrous) and 1 mL 
(excess) NEt3 were added and the whole mixture was stirred at 298 K for 16 h. The resulting 
green solution was slowly evaporated to dryness to yield 21 mg (0.03 mmol, 12%) blue-green 
crystals. Elemental analyses: calc (for C14H18Cu3Cl2N2O14; M = 699.84 g mol−1) N 3.62; C 
21.74; H 1.82; found: N 3.58; C 22.00; H 1.79. 
(HNEt3)[(pydicOMe)CuCl3]: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonyl dichloride 
were dissolved in 15 mL methanol (anhydrous). 67 mg (0.5 mmol, 1 eq) CuCl2 (anhydrous) 
were added and 1 mL (excess) NEt3 (anhydrous) was added and the whole mixture was stirred 
at 298 K for 16 h. The resulting green solution was evaporated to dryness to yield 75 mg (0.16 
mmol, 32%) green-brown crystals. Elemental analyses: calc (for C15H25CuCl3N2O4; M = 
467.27 g mol−1) N 6.00; C 38.56; H 5.39; found: N 6.02; C 38.43; H 5.34. 
(HNEt3)[(pydicOPh)CuCl3]: 200 mg (1 mmol, 1 eq) pyridine-2,6-dicarbonyl dichloride were 
mixed with 15 g phenol. 132 mg (1 mmol, 1 eq) CuCl2 (anhydrous) were added as solid and 1 
mL (excess) NEt3 was added in one portion. The whole mixture was warmed up to 323 K and 
stirred in a big round bottom flask for 96 h. During that time the excess phenol solidified in 
the upper part of the flask and the product complex remained as brown oil. The oil was 
transferred to a new flask and cooled down to 298 K, upon which the oil solidified as 
brownish powder. The crude product was dissolved in acetone and slowly evaporated to 
dryness to yield 319 mg (0.54 mmol, 54%) of a green-yellow microcrystalline powder. 
Elemental analyses: calc (for C25H29CuCl3N2O4; M = 591.41 g mol−1) N 4.74; C 50.77; 
H 4.94; found: N 4.66; C 51.12; H 5.02. 
4-Iodo-1,3-dimethoxybenzene: 1.38 g (10 mmol, 1 eq) 1,3-dimethoxybenzene were mixed 
with 1.27 g (5 mmol, 0.5 eq) I2 (finely powdered) and 0.56 g (6 mmol, 0.6 eq) UHP (finely 
powdered). After exposing to ultrasound for 10 h, the mixture was extracted with 100 mL 
methyl tertbutyl ether (MTBE). The organic phase was washed with aqueous Na2S2O3 solution 
(10%) and water. After drying the organic phase using MgSO4, the solvent was removed 
under reduced pressure to yield 2.62 g (9.9 mmol, 99%) of a brown oil. NMR (300 MHz, 
CDCl3): 1H: δ = 7.60 (d, 1H, H5Ph), 6.42 (d, 1H, H2Ph), 6.31 (dd, 1H, H6Ph), 3.84 (s, 3H, 
H3OMe), 3.78 (s, 3H, H1OMe). 13C: δ = 161 (1C, C1Ph), 159 (1C, C3Ph), 139 (1C, C5Ph), 107 (1C, 
C6Ph), 99 (1C, C2Ph), 75 (1C, C4Ph),  56 (1C, C3OMe), 55 (1C, C1OMe) ppm. Elemental analyses: 
calc (for C8H9O2I; M = 264.06 g mol−1) C 36.39; H 3.44; found: C 36.30; H 3.45. 
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2,6-Bis(2-methoxyphenyl)pyridine (LOMe2):[232] Mp = 403 K. NMR (300 MHz, CDCl3): 
1H: δ = 7.93 (dd, 2H, H6Ph), 7.76 (m, 3H, H3,4,5Py), 7.36 (t, 2H, H4Ph), 7.14 (d, 2H, H3Ph), 7.07 
(t, 2H, H5Ph), 3.88 (s, 6H, HOMe). 13C: δ = 158 (2C, C2Ph), 155 (2C, C2,6Py), 135 (1C, C4Py), 132 
(2C, C6Ph), 130 (2C, C4Ph), 123 (2C, C3,5Py), 121 (4C, C1,5Ph), 112 (2C, C3Ph), 55 (2C, COMe) 
ppm. Elemental analyses: calc (for C19H17NO2; M = 291.34 g mol−1) N 4.81; C 78.33; H 5.88; 
found: N 4.82; C 78.33; H 5.85. 
2,6-Bis(2-hydroxyphenyl)pyridine (LOH2):[236] Mp = 412 K. NMR (300 MHz, CDCl3): 1H: 
δ = 9.88 (s(br), 2H, HOH), 8.00 (t, 1H, H4Py), 7.72 (d, 2H, H3,5Py), 7.69 (d, 2H, H6Ph), 7.35 (t, 
2H, H4Ph), 7.05 (d, 2H, H3Ph), 7.00 (t, 2H, H5Ph). 13C: δ = 156 (2C, C2Ph), 151 (2C, C2,6Py), 140 
(1C, C4Py), 132 (2C, C4Ph), 128 (2C, C6Ph), 121 (2C, C1Ph), 120 (4C, C3,5Py,5Ph), 118 (2C, C3Ph) 
ppm. Elemental analyses: calc (for C17H13NO2; M = 263.30 g mol−1): N 5.32; C 77.55; H 
4.98; found N 5.31; C 77.54; H 4.99.  
[(LOMe4)MgBr2]: A Grignard reagent was prepared from 12.5 g (47 mmol, 2 eq) 4-iodo-1,3-
dimethoxybenzene and 2.00 g (excess) magnesium in THF. The Grignard-solution was added 
slowly to a solution of 5.57 g (23.5 mmol, 1 eq) 2,6-dibromo-pyridine and 0.97 g (8%mol) 
[(dppe)NiCl2] in dry THF at 273 K. The reaction mixture was stirred for 16 h, 150 mL 
HCl/water (1:1) were added and the reaction product was precipitated by adding 400 mL of 
CH2Cl2. The bright yellow solid was filtered off and washed with small portions of cold 
acetone. The product was dried on air and stored in a brown glass vessel. Yield: 8.03 g 
(15 mmol, 63%). NMR (300 MHz, [D6]-acetone): 1H: δ = 8.63 (t, 1H, H4Py), 8.29 (d, 2H, 
H3,5Py), 8.01 (d, 2H, H6Ph), 6.93 (d, 2H, H5Ph), 6.87 (dd, 2H, H3Ph), 4.19 (s, 6H, H2OMe), 3.88 (s, 
6H, H4OMe). 13C: δ = 167 (2C, C4Ph), 161 (2C, C2Ph), 151 (2C, C2,6Py), 146 (1C, C4Py), 133 (2C, 
C3Ph), 123 (2C, C3,5Py), 108 (2C, C6Ph), 101 (2C, C1Ph), 100 (2C, C5Ph), 57 (4C, C2,4OMe) ppm. 
Elemental analyses: calc (for C21H21NO4MgBr2; M = 535.52 g mol−1): N 2.62; C 47.10; H 
3.95; found: N 2.61; C 47.13; H 4.02. 
2,6-Bis(2,4-dimethoxyphenyl)pyridine (LOMe4): 3.0 g (5.2 mmol, 1 eq) of 
[(LOMe4)MgBr2] were suspended in ethyl acetate and an aqueous solution of 1.0 g 
Kryptofix® (2.2.2) is added until all starting material has dissolved. Then the phases were 
separated and the organic phase was subsequently washed with two small portions of 
Kryptofix solution. After final phase separation the organic phase was dried over anhydrous 
Na(OAc). After filtration the solvent was removed under vacuum leaving a yellow-orange 
solid. Yield: 1.57 g (4.5 mmol, 87%). NMR (300 MHz, [D6]-acetone): 1H: δ = 8.01 (d, 2H, 
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H6Ph), 7.79 (d, 2H, H3,5Py), 7.69 (t, 1H, H4Py), 6.68 (m, 4H, H5,6Ph), 3.91 (s, 6H, H2OMe), 3.87 (s, 
6H, H4OMe). 13C: δ = 163 (2C, C4Ph), 160 (2C, C2Ph), 156 (2C, C2,6Py), 135 (1C, C4Py), 132 (2C, 
C6Ph), 135 (2C, C3,5Py), 105 (2C, C5Ph), 102 (2C, C1Ph), 98 (2C, C3Ph), 55 (4C, C2,4OMe) ppm. 
Elemental analyses: calc (for C21H21NO4; M = 351.41 g mol−1): N 3.99; C 71.78; H 6.02; 
found: N 4.00; C 71.63; H 6.05. 
2,6-(2,2’,4-tri-hydroxy-4’-methoxyphenyl)pyridine (LOH3OMe): 300 mg (0.85 mmol, 
1 eq) LOMe4 were mixed with 6.00 g (excess) pyridinium hydrochloride and heated up to 
463 K for 1 h. After cooling the mixture to 298 K, 100 mL aqua dest. were added and the 
suspension was exposed to ultrasound for 2 h. The remaining suspension was extracted three 
times with CH2Cl2. The organic phase was neutralised with aqueous Na2CO3 solution and 
washed with water. (During this process the organic phase turns from brown to yellow.) The 
aqueous phases were re-extracted with CH2Cl2 and the combined organic phases were dried 
over MgSO4. The solvent was removed under vacuum to yield 160 mg (0.52 mmol, 61%) of a 
brownish solid. NMR (300 MHz, [D6]-acetone): 1H: δ = 7.91 (t, 1H, H4Ph), 7.83 (d, 2H, 
H3,5Py), 7.78 (d, 1H, H6’Ph), 7.70 (d, 1H, H6Ph), 6.55 (s, 1H, H3’Ph), 6.51 (m, 2H, H3,5Ph), 3.83 (s, 
3H, H4’OMe). Elemental analyses: calc (for C18H15NO4; M = 309.32 g mol−1): N 4.53; C 69.89; 
H 4.89; found: N 4.48; C 69.07; H 4.99. 
2,6-bis(5-isopropyl-2-methoxyphenyl)pyridine (LOMe2iPr): 300 mg (1.29 mmol, 1 eq) 2,6-
dibromo pyridine were dissolved in 15 mL degassed DME. To this mixture 225 mg (15%mol) 
[Pd(PPh3)4] were added and the suspension was warmed on a water bath until a clear solution 
was formed. 500 mg (2.58 mmol, 2 eq) 5-isopropyl-2-methoxyphenylboronic acid and 300 mg 
(2.58 mmol, 2 eq) KOtertBu were added. The reaction mixture was heated to reflux for 1 h, 
after cooling to 298 K the mixture was filtered over celite and the filter cake was washed with 
50 mL CH2Cl2. A fine colourless solid precipitated and after filtering again the solution was 
evaporated to dryness to yield a yellow oil, which was purified by column chromatography 
(eluent: cyclohexane/ethylacetate 6:1, Rf = 0.725). Yield: 408 mg (1.1 mmol, 84%). NMR 
(300 MHz, CD2Cl2): 1H: δ = 7.73 (m, 5H, H3,4,5Py,5Ph), 7.25 (d, 2H, H3Ph), 6.98 (d, 2H, H2Ph), 
3.86 (s, 6H, HOMe), 2.95 (q, 2H, H2propyl), 1.27 (d, 12H, H1,3propyl). 13C: δ = 155 (4C, C2,6Py,1Ph), 
141 (2C, C4Ph), 135 (1C, C4Py), 130 (2C, C5Ph), 128 (2C, C3Ph), 124 (2C, C3,5Py), 123 (2C, 
C6Ph), 112 (2C, C2Ph), 56 (2C, COMe), 33 (2C, C2propyl), 24 (4C, C1,3propyl) ppm. Elemental 
analyses: calc (for C25H29NO2; 375.50 g mol−1): N 3.73; C 79.96; H 7.78; found: C 80.25; H 
7.77; N 3.65. 
Katharina Butsch  9. Experimental 
150

2,6-bis(5-isopropyl-2-hydroxyphenyl)pyridine (LOH2iPr): 700 mg (1.86 mmol, 1 eq) 2,6-
bis(5-ipropyl-2-methoxyphenyl)pyridine were mixed with 12.0 g (excess) pyridinium 
hydrochloride and the mixture was heated up to 403 K for 1.5 h. The solidified pyridinium 
hydrochloride was dissolved in 200 mL aqua dest. by ultra sonic treatment. The resulting 
suspension was extracted three times with 50 mL CH2Cl2 each. The collected organic phases 
were dried over MgSO4 and the solvent was removed under vacuum to result a yellow 
powder. Yield: 430 mg (1.24 mmol, 67%). NMR (300 MHz, [D6]-acetone): 1H: δ = 8.03 (m, 
3H, H3,4,5Py), 7.75 (d, 2H, H6Ph), 7.21 (d, 2H, H4Ph), 6.98 (d, 2H, H3Ph), 2.95 (q, 2H, H2propyl), 
1.28 (d, 12H, H1,3propyl). 13C: δ = 156 (2C, C2,6Py,1Ph), 140 (2C, C5Ph), 138 (1C, C4Py), 129 (2C, 
C3Ph), 126 (2C, C4Ph), 122 (2C C6Ph), 120 (2C, C3,5Py), 117 (2C, C2Ph), 33 (2C, C2propyl), 24 (4C, 
C1,3propyl) ppm. Elemental analyses: calc (for C23H25NO2; M = 347.45 g mol−1): N 4.03; C 
79.51; H 7.25; found: N 4.09; C 78.63; H 7.16.
 
[(LOMe2)CuCl2]2: 200 mg (0.69 mmol, 1 eq) LOMe2 and 92 mg (0.69 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved in 5 mL methanol each, both solutions were combined and the 
mixture was stirred at 298 K for 16 h. The solvent was removed under vacuum and the 
remaining orange-brown solid was washed with a small portion cold acetone and dried on air. 
Yield: 210 mg (0.49 mmol, 71%). Elemental analyses: calc (for C19H17NO2CuCl2; M = 
425.80 g mol−1): N 3.29; C 53.60; H 4.02; found: N 3.30; C 53.57; H 4.00. 
[(LOH2)CuCl2]2: 0.20 g (0.76 mmol, 1 eq) LOH2 and 0.10 g (0.76 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved in 5 mL methanol each. Both solutions were combined and stirred 
at 298 K for 12 h. After removing the solvent under vacuum a black solid was obtained. 
Yield: 211 mg (53 mmol, 70%). Elemental analyses: calc (for C17H13NO2CuCl2; M = 397.75 
g mol−1): N 3.52; C 51.34; H 3.29; found: N 3.51; C 51.28; H 3.29. 
[(LOH)CuCl]2: 50 mg (0.13 mmol, 1 eq) of [(LOH2)CuCl2] were dissolved in 7 mL 
methanol and 0.5 mL (excess) NEt3 were added. A green-brown solid immediately 
precipitated and was filtered off. Yield: 35 mg (9.7, 75%). Elemental analyses: calc (for 
C17H12NO2CuCl; M = 361.29 g mol−1): N 3.88; C 56.52; H 3.35; found: N 3.89; C 56.52; H 
3.38. 
[(LOMe2iPr)CuCl2]: 100 mg (0.27 mmol, 1 eq) LOMe2iPr were dissolved in 5 mL methanol. 
36 mg (0.27 mmol, 1 eq) anhydrous CuCl2 were separately dissolved in 5 mL methanol. Both 
solutions were combined and stirred at 298 K over night. Evaporation of the solvent yielded 
104 mg (0.20 mmol, 74%) of an orange powder. Elemental analyses: calc (for 
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C25H29NO2CuCl2; M = 509.96 g mol−1): N 2.75; C 58.88; H 5.73; found: N 2.81; C 58.63; 
H 5.66. 
[(LOMe2iPr)Cu(TFA)2]: 100 mg (0.27 mmol, 1 eq) LOMe2iPr were dissolved in 5 mL 
methanol. 167 mg (0.27 mmol, 1 eq) [Cu(MeCN)4](TFA)2 were dissolved in 10 mL methanol 
each. Both solutions were combined and stirred at 298 K for 12 h. Evaporation of the solvent 
yielded 185 mg (0.25 mmol, 93%) of an orange powder. Elemental analyses: calc (for 
C29H29NO6CuF6Cl2; M = 735.99 g mol−1): N 1.90; C 47.33; H 3.97; found: N 1.87; C 47.89; 
H 3.82. 
[(LOH2iPr)CuCl2]2: 50 mg (0.14 mmol, 1 eq) LOH2iPr and 19 mg (0.14 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved separately in 5 mL methanol. Both solutions were combined and 
stirred at 298 K for 2 d. Evaporation of the solvent yielded a brown solid, which was washed 
with a small amount of cold acetone and dried on air. Yield: 53 mg (0.06 mmol, 43%). 
Elemental analyses: calc (for C46H50N2O4Cu2Cl4; M = 963.80 g mol−1): N 2.91; C 57.32; 
H 5.23; found N 2.94; C 57.61; H 5.19. 
[(LOHiPr)2Cu]: 50 mg (0.14 mmol, 2 eq) LOH2iPr and 89 mg (0.14 mmol, 2 eq) 
[Cu(MeCN)4](TFA)2 were dissolved in 5 mL methanol each. Both solutions were combined 
and stirred at 298 K. After a few minutes an olive-green precipitate was formed, which was 
filtered off after 10 h and was washed with further 5 mL methanol and dried on air. Yield: 
55 mg (0.07 mmol, 99%). Elemental analyses: calc (for C46H48N2O4Cu; M = 756.43 g mol−1): 
N 3.70; C 73.04; H 6.40; found: N 3.71; C 70.77; H 6.40. 
[(LOMe4)CuCl2]2: 0.20 g (0.58 mmol, 1 eq) LOMe4 and 78 mg (0.58 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved in 5 mL methanol each. Both solutions were combined and stirred 
at 298 K for 2 d. Evaporation of the solvent yielded a brown solid, which was washed with 
small portions of cold acetone and dried on air. Yield: 190 mg (0.39 mmol, 78%). Elemental 
analyses: calc (for C21H21NO4CuCl2; M = 485.86 g mol−1): N 2.88; C 51.91; H 4.36; found: N 
2.88; C 51.89; H 4.33. 
[(LOMe4)Cu(TFA)2]: 179 mg (0.29 mmol, 1.5 eq) [Cu(MeCN)4](TFA)2 and 100 mg 
(0.19 mmol, 1 eq) [(LOMe4)MgBr2] were mixed as solids and dissolved in 15 mL MeCN. The 
green solution was stirred for 6 h at 298 K and the solvent was removed under vacuum to 
yield a dark green solid. Yield: 103 mg (84%). Elemental analyses: calc (for C25H21NO8CuF6; 
M = 641.00 g mol−1): N 2.19; C 46.84; H 3.30; found: N 2.20; C 46.82; H 3.33. 
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[(LOH3OMe)Cu(TFA)2]: 130 mg (0.42 mmol, 1 eq) LOH3OMe were dissolved in 5 mL 
methanol. In additional 5 mL methanol 258 mg [Cu(MeCN)4](TFA)2 were dissolved and both 
solutions were mixed and stirred 6 h at 298 K. The resulting solution was evaporated to 
dryness and the remaining solid was washed with cold acetone to yield 60 mg (0.13 mmol, 
31%) of a green-brown solid. Elemental analyses: calc (for C22H21NO7Cu; M = 474.95 
g mol−1): N 2.95; C 55.63; H 4.46; found: N 2.92; C 55.72; H 4.39. 
[(LOMe2)NiBr2]2: 85 mg (0.29 mmol, 1 eq) of LOMe2 were dissolved in 7 mL methanol. A 
methanol solution of 215 mg (0.29 mmol, 1 eq) [(PPh3)2NiBr2] (7 mL) was added in one 
portion and the resulting mixture was stirred for 6 h at 298 K. The solvent was removed under 
vacuum and the remaining turquoise solid was washed with several portions of heptane, 
pentane and cold acetone, the remaining solid was dried on air. Yield: 66 mg (0.13 mmol, 
45%). NMR (300 MHz, [D6]-acetone): 1H: δ = 8.52 (t, 1H, H4Py), 8.30 (d, 2H, H3,5Py), 8.04 (d, 
2H, H6Ph), 7.59 (t, 2H, H4Ph), 7.35 (t, 2H, H5Ph), 7.22 (d, 2H, H3Ph), 4.10 (s(br), 6H, HOMe) 
ppm. Elemental analyses: calc (for C19H17NO2NiBr2; M = 509.86 g mol−1): N 2.75; C 44.76; 
H 3.36; found: N 2.74; C 44.75; H 3.35. 
[(LOH2)NiBr2]2: 75 mg (0.30 mmol, 1 eq) of LOH2 were dissolved in 7 mL methanol. A 
methanol solution of 223 mg (0.30 mmol, 1 eq) [(PPh3)2NiBr2] (7 mL) was added in one 
portion and the resulting mixture was stirred for 6 h at 298 K. The solvent was removed under 
vacuum and the remaining green solid was washed with several portions of heptane, pentane 
and cold acetone, the remaining solid was dried on air. Yield: 67 mg (0.14, 47%). NMR (300 
MHz, [D6]-acetone): 1H: δ = 11.67 (s(br), 2H, HOH), 8.00 (m, 3H, H3,4,5Py), 7.86 (dd, 2H, 
H6Ph), 7.32 (t, 2H, H4Ph), 7.00 (m, 2H, H3,5Ph) ppm. Elemental analyses: calc (for 
C17H13NO2NiBr2; M = 481.81 g mol−1): N 2.91; C 42.38; H 2.72; found: N 2.88; C 42.36; H 
2.75. 
[(LOMe4)NiBr2]2: 100 mg (0.19 mmol, 1 eq) of [(LOMe4)MgBr2] were dissolved in 7 mL 
methanol. A methanol solution of 215 mg (0.29 mmol, 1.5 eq) [(PPh3)2NiBr2] (7 mL) was 
added in one portion and the resulting mixture was stirred for 6 h at 298 K. The solvent was 
removed under vacuum and the remaining green solid was washed with several portions of 
heptane, pentane and cold acetone, the remaining solid was dried on air. Yield: 83 mg (0.15, 
79%). NMR (300 MHz, [D6]-acetone): 1H: δ = 8.94 (t, 1H, H4Py), 8.55 (d, 2H, H3,5Py), 8.18 (d, 
2H, H6Ph), 7.04 (d, 2H, H5Ph), 7.00 (d, 2H, H6Ph), 4.40 (s, 6H, H2OMe), 4.05 (s, 6H, H4OMe) ppm. 
Elemental analyses: calc (for C21H21NO4NiBr2; M = 569.92 g mol−1): N 2.46; C 44.26; H 
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3.71; found N 2.48; C 44.26; H 3.70. 
[(LOMe2iPr)NiBr2]2: 100 mg (0.27 mmol, 1 eq) of LOMeiPr were dissolved in 7 mL 
methanol. A methanol solution of 215 mg (0.29 mmol, 1.1 eq) [(PPh3)2NiBr2] (7 mL) was 
added in one portion and the resulting mixture was stirred for 6 h at 298 K. The solvent was 
removed under vacuum and the remaining green solid was washed with a small portion of 
heptane, pentane and cold acetone, the remaining solid was dried on air. Yield: 143 mg (0.12 
mmol, 88%). NMR (300 MHz, [D6]-acetone): 1H: δ = 14.65; 9.44; 8.15; 7.93; 7.41; 3.88; 
3.56; 1.57 ppm. Elemental analyses: calc (for C50H58N2O4Ni2Br4; M = 1188.01 g mol−1): 
C 50.55, H 4.92, N 2.36; found C 51.29, H 4.80, N 2.39.  
[(LOH2iPr)NiBr2]2: 100 mg (0.29 mmol, 1 eq) of LOHiPr were dissolved in 7 mL methanol. 
A methanol solution of 215 mg (0.29 mmol, 1 eq) [(PPh3)2NiBr2] (7 mL) was added in one 
portion and the resulting mixture was stirred for 6 h at 298 K. The solvent was removed under 
vacuum and the remaining green solid was washed with a small portion of heptane, pentane 
and cold acetone, the remaining solid was dried on air. Yield: 130 mg (0.12 mmol, 79%). 
NMR (300 MHz, [D6]-acetone): 1H: δ = 8.54 (t, 1H, H4Py), 8.25 (d, 2H, H3,5Py), 7.89 (d, 2H, 
H6Ph), 7.25 (d, 2H, H4Ph), 6.91 (d, 2H, H3Ph); 3.03 (q, 2H, HiPr); 1.35 (d, 12H, H1,3propyl) ppm. 
Elemental analyses: calc (for C46H50N2O4Ni2Br4; M = 1131.90 g mol−1): C 48.81, H 4.45, 
N 2.47; found C 47.63, H 4.61, N 2.38. 
[Cu(opo)2]: 0.50 g (1.9 mmol, 1 eq) [Cu(acac)2] were dissolved in methanol and a suspension 
of 0.65 g (3.8 mmol, 2 eq) opoH in methanol were added. The mixture was stirred at 298 K 
for 16 h and the formed precipitate was filtered off and washed with acetone to yield 0.82 mg 
(1.8 mmol, 98%) of a brown solid. Elemental analyses: calc (for C26H14O4Cu; M = 453.93 
g mol−1) C 68.79; H 3.11; found: C 68.32; H 3.03. 
[Fe(opo)3]: 200 mg (0.57 mmol, 1 eq) [Fe(acac)3] were dissolved in methanol and a 
suspension of 294 mg (1.71 mmol, 3 eq) opoH in methanol were added. The mixture was 
stirred at 298 K for 16 h and the formed precipitate was filtered off and washed with acetone 
to yield 288 mg (0.45 mmol, 78%) of a dark red solid. Elemental analyses: calc (for 
C39H21O6Fe; M = 641.43 g mol−1) C 73.03; H 3.30; found: C 72.39; H 3.33. 
[Zn(opo)2]: 200 mg (0.76 mmol, 1 eq) [Zn(acac)2] were suspended in methanol and a 
suspension of 261 mg (1.52 mmol, 2 eq) opoH in methanol were added. The mixture was 
stirred at 298 K for 4 h and the formed voluminous precipitate was filtered off and washed 
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with acetone to yield 283 mg (0.62 mmol, 81%) of a yellow solid. NMR (300 MHz, [D7]-
dmf): 1H: δ = 8.13 (d, 2H, H2,8), 8.07 (d, 2H, H3,7), 7.52 (t, 1H, H5), 7.09 (d, 2H, H4,6) ppm. 
Elemental analyses: calc (for C26H14O4Zn; M = 455.78 g mol−1) C 68.52; H 3.10; found: C 
69.07; H 3.15. 
Reaction of opoH with “[Ni(acac)2]“: 200 mg (0.68 mmol, 1 eq) “[Ni(acac)2]” were 
dissolved in methanol and a suspension of 234 mg (1.36 mmol, 2 eq) opoH in methanol were 
added. The mixture was stirred over night and the formed precipitate was filtered off and 
washed with acetone to yield 305 mg of a yellow-brown solid. Elemental analyses found: C 
61.12; H 3.73. 
[Cu(bqOH)Cl2]: 100 mg (0.51 mmol, 1 eq) bqOH dissolved in 5 mL methanol and 69 mg 
(0.51 mmol, 1 eq) CuCl2 (anhydrous) dissolved in 10 mL methanol were mixed and stirred at 
298 K for 10 h. The formed brown precipitate was filtered off and washed with acetone to 
yield 90 mg (0.27 mmol, 53%). Elemental analyses: calc (for C13H9Cl2CuON; M = 329.67 
g mol−1) N 4.25; C 47.36; H 2.75; found: N 4.09; C 49.15; H 2.87. 
[Cu(bqOH)Br2]: 100 mg (0.51 mmol, 1 eq) bqOH dissolved in 5 mL methanol and 115 mg 
(0.51 mmol, 1 eq) CuBr2 (anhydrous) dissolved in 10 mL methanol were mixed and stirred at 
298 K for 10 h. The formed brown precipitate was filtered off and washed with acetone to 
yield 130 mg (0.31 mmol, 61%). Elemental analyses: calc (for C13H9Br2CuON; M = 
418.57 g mol−1) N 3.35; C 37.30; H 2.17; found: N 3.45; C 35.60; H 2.21. 
[Cu(bqO)2]: 100 mg (0.51 mmol, 1 eq) bqOH dissolved in 5 mL methanol and 48 mg (0.26 
mmol, 0.5 eq) Cu(OAc)2 dissolved in 10 mL methanol were mixed and stirred at 298 K for 10 
h. The formed brown precipitate was filtered off and washed with acetone to yield 87 mg 
(0.19 mmol, 73%). Elemental analyses: calc (for C26H16O2N2Cu; M = 451.96 g mol−1) N 6.20; 
C 69.09; H 3.57; found: N 6.38; C 67.19; H 3.41. 
9-Chloro-4-methoxy-acridine (acrOMe): 4.16 g (20 mmol, 1 eq) 2-(2-methoxyphenyl-
amino)benzoic acid were mixed with 40 mL POCl3 (excess). The mixture was heated up to 
398 K for 3 h and cooled down to 298 K again. The POCl3 was removed under vacuum and 
the remaining oil was mixed with concentrated ammonia solution. 200 mL chloroform was 
added and the aqueous phase was extracted three times. The collected organic phases were 
dried over MgSO4 and the solvent was removed under vacuum. 3.23 g (13 mmol, 65 %) The 
product was obtained as a yellow solid. NMR (300 MHz, [D6]-acetone): 1H: δ = 8.44 (d, 1H, 
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H8), 8.27 (d, 1H, H5); 7.98 (d, 1H, H1), 7.91 (t, 1H, H6), 7.78 (t, 1H, H7), 7.66 (t, 1H, H2), 7.25 
(d, 1H, H3) 4.11 (s, 3H, HOMe). 13C: δ = 158 (1C, C4), 144 (1C, C9), 129 (1C, C5a), 132 (1C, 
C8a), 132 (1C, C4a), 131 (1C, C6), 131 (1C, C5), 128 (1C, C7), 128 (1C, C2), 127 (1C, C1a), 125 
(1C, C8), 116 (1C, C1), 109 (1C, C3), 56 (1C, COMe) ppm. Elemental analyses: calc (for 
C14H10ONCl; M = 243.05 g mol−1) N 5.75; C 69.00; H 4.14; found: N 5.80; C 70.78; H 4.29. 
9-Chloro-4-hydroxy-acridine (acrOH): 0.50 g (2.0 mmol, 1 eq) 9-Chloro-4-methoxy-
acridine were mixed with 10.0 g (excess) pyridinium hydrochloride and heated up to 423 K 
for 1 h. The resulting black liquid was cooled to 298 K and 150 mL aqua dest. were added. 
The mixture was given to the ultra sonic bath for 1 h and the resulting yellow suspension was 
filtered. The collected precipitate was washed with three portions (20 mL) of hot water to 
remove the remaining pyridine and with a small portion of acetone (5 mL). The solid was 
dried in vacuum to yield 0.40 g (1.7 mmol, 85%) of a yellow powder. NMR (300 MHz, [D6]-
acetone): 1H: δ = 9.55 (s, 1H, OH), 9.34 (d, 1H, H5), 7.86 (t, 2H, H1,8); 7.69 (t, 1H, H6), 7.25 
(t, 1H, H7), 7.20 (d, 1H, H3), 7.06 (t, 1H, H2). 13C: δ = 177 (1C, C4), 145 (1C, C9), 141 (1C, 
C5a), 137 (1C, C8a), 134 (1C, C6), 132 (1C, C4a), 127 (1C, C5), 125 (1C, C1a), 122 (1C, C7), 
121 (1C, C2), 120 (1C, C8), 117 (1C, C3), 116 (1C, C1) ppm. Elemental analyses: calc (for 
C13H8ONCl; M = 229.66 g mol−1) N 6.10; C 67.99; H 3.51; found: N 6.13; C 68.20; H 3.58. 
[(acrOMe)CuCl2]2: 106 mg (0.43 mmol, 1 eq) acrOMe and 58 mg (0.43 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved in 10 mL methanol each and both solutions were mixed together. 
After stirring at 298 K for 14 h and the solvent was removed under vacuum to yield 120 mg 
(0.32 mmol, 74%) of a brown solid. Elemental analyses: calc (for C28H20O2N2Cl6Cu2; 
M = 756.28 g mol−1) N 3.70; C 44.47; H 2.67; found: N 3.87; C 43.75; H 2.55. 
[(acrOH)CuCl2]2: 100 mg (0.41 mmol, 1 eq) acrOH and 55 mg (0.41 mmol, 1 eq) CuCl2 
(anhydrous) were dissolved in 10 mL methanol each and both solutions were mixed together. 
The reaction mixture was stirred for 14 h at 298 K. The solvent was removed under vacuum 
and the remaining powder was washed several times with acetone to yield 142 mg 
(0.39 mmol, 95%) of a red brown solid. Elemental analyses: calc (for C26H16Cl6O2N2Cu2; 
M = 728.22 g mol−1) N 3.85; C 42.88; H 2.21; found: N 3.72; C 43.50; H 2.24. 
[Cu(acrOMe)2](OAc)2: 101 mg (0.41 mmol, 2 eq) of the acrOMe ligand were dissolved in 
10 mL methanol and mixed with a solution of 34 mg (0.21 mmol, 1 eq) Cu(OAc)2 in 
methanol. After stirring at 298 K for 14 h the solvent was removed under vacuum to yield 
104 mg (0.16 mmol, 76%) of a brown solid. Elemental analyses: calc (for C32H26Cl2CuO5N2; 
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M = 653.01 g mol−1) N 4.29; C 58.86; H 4.01; found: N 4.18; C 58.52; H 4.05. 
[Cu(acrO)2]: 100 mg (0.41 mmol, 2 eq) acrOH were dissolved in 10 mL methanol. 75 mg 
(0.21 mmol, 1 eq) Cu(OAc)2 were dissolved in 10 mL methanol each, both solutions were 
combined and stirred for 14 h at 298 K. The solvent was removed under vacuum until a 
suspension was formed (~5 mL remaining) and the black solid was filtered off and washed 
with acetone to yield 52 mg (0.1 mmol, 48%) of a black solid which exhibits red-violet colour 
in solution. Elemental analyses: calc (for C26H14Cl2CuO2N2; M = 520.85 g mol−1) C 59.96; H 
2.71; N 5.38; found: C 59.92; H 2.82; N 5.38. 
General Procedure for the synthesis of salen type complex: 1 eq Ligand and 1 eq 
Cu(OAc)2 were dissolved in methanol and both solutions were mixed at 298 K. The mixture 
was stirred at 298 K for 16 h. While [((NH2)salPh2)Cu] and [(salPh2)Cu] precipitated and 
were filtered off and washed with small portions of methanol, all other complexes were 
isolated by removing the solvent under vacuum and recrystallisation from acetone solution. 
[((NMe2)saltertBu4)Cu]: 58 mg (0.1 mmol, 1 eq) (NMe2)saltertBu4 and 18 mg (0.1 mmol, l eq) 
Cu(OAc)2 were reacted. Yield: 24 mg (0.04 mmol, 40%) of dark green needle shaped crystals. 
Elemental analyses: calc (for C38H60CuO2N2; M = 640.44 g mol−1) N 4.37; C 71.26; H 9.44; 
found: N 4.24; C 72.23; H 9.57. 
[((NH)2sal)Cu]: 30 mg (0.1 mmol, 1 eq) (NH)2sal and 18 mg (0.1 mmol, 1 eq) Cu(OAc)2 
were reacted. Yield: 25 mg (0.07 mmol, 70%) reddish-brown crystalline needles. Elemental 
analyses: calc (for C18H20CuO2N2; M = 359.91 g mol−1) N 7.78; C 60.07; H 5.60; found: N 
7.99; C 62.02; H 5.64. 
[((NH2)salPh2)Cu]: 100 mg (0.2 mmol, 1 eq) (NH2)salPh2 and 38 mg (0.2 mmol, 1 eq) 
Cu(OAc)2 were reacted. Yield: 45 mg (0.08 mmol, 40%) blue-green powder. Elemental 
analyses: calc (for C32H32CuO2N2; M = 540.15 g mol−1) N 5.19; C 71.15; H 5.97; found: N 
5.22; C 71.32; H 5.89. 
[(Me2salF4)Cu]: 40 mg (0.1 mmol, 1 eq) Me2salF4 and 17 mg (0.1 mmol, 1 eq) Cu(OAc)2 
were reacted. Yield: 36 mg (0.075 mmol, 75%) dark green crystals. Elemental analyses: calc 
(for C22H20CuO2N2F4; M = 483.94 g mol−1) C 54.60; H 4.17; N 5.79; found: C 54.62; H 4.14; 
N 5.77. 
[(Ph2sal)Cu]: 55 mg (0.12 mmol, 1 eq) Ph2sal and 21 mg (0.12 mmol, 1 eq) Cu(OAc)2 were 
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reacted. Yield: 20 mg (0.04 mmol, 33%) brown amorphous powder. Elemental analyses: calc 
(for C32H28CuO2N2; M = 536.12 g mol−1) N 5.23; C 71.69; H 5.26; found: N 5.34; C 72.01; 
H 5.20. 
[(salPh2)Cu]: 100 mg (0.21 mmol, 1 eq) salPh2 and 38 mg (0.21 mmol, 1 eq) Cu(OAc)2 were 
reacted. Yield: 86 mg (0.16 mmol, 79%) light brown powder. Elemental analyses: calc (for 
C32H28CuO2N2; M = 536.12 g mol−1) N 5.23; C 71.69; H 5.26; found: N 5.30; C 71.52; 
H 5.28;. 
2-(methoxy(pyridin-2-yl)methyl)phenol (OON1): 0.41 g (17.02 mmol, 2 eq) magnesium 
were suspended in 20 mL dry diethyl ether. 1.67 mL (3.0 g, 12.77 mmol, 1.5 eq) 2-
iodomethoxybenzene in 20 mL dry diethyl ether were added slowly. The reaction mixture was 
warmed to 348 K until it was brown and turbid (~45 min). 0.91 g (8.5 mmol, 1 eq) pyridin-2-
carboxaldehyde were added drop by drop and the mixture became orange. After stirring for 
16 h, the reaction was quenched with 50 mL water. The phases were separated, the aqueous 
phase was extracted with diethyl ether and dried over Na2SO4. The solvent was removed 
under vacuum and the remaining solid was washed with acetone to yield 0.95 g (4.4 mmol, 
52%) of an off-white powder. NMR (300 MHz, [D6]-acetone): 1H: 8.50 (d, 1H, H6Py), 7.69 (t, 
1H, H4Py), 7.40 (t, 2H, H4,6Ph), 7.22 (m, 2H, H3,5Py), 6.98 (d, 1H, H3Ph), 6.92 (t, 1H, H5Ph), 6.20 
(s, 1H, Hmethanol), 5.33 (s, 1H, HOH) 3.83 (s, 3H, HOMe). 13C: 162 (1C, C2Py), 157 (1C, C2Ph), 
148 (1C, C6Py), 137 (1C, C4Py), 132 (1C, C1Ph), 128 (1C, C3Py), 127 (1C, C6Ph), 122 (1C, C5Py), 
121 (1C, C4Ph), 120 (1C, C5Ph), 110 (1C, C3Ph), 69 (1C, Cmethanol), 55 (1C, COMe) ppm. 
Elemental Analysis: calc (for C13H13O2N; M = 215.25 g mol−1) C 72.54; H 6.09; N 6.51. 
found: C 73.45; H 6.04; N 6.46. 
2-(methoxy(pyridin-2-yl)ethyl)phenol (OON2): 2.8 mL 2-iodo methoxybenzene (5.00 g, 
21 mmol, 1 eq) and 0.61 g (25 mmol, 1.2 eq) magnesium were reacted in dry THF to give the 
Grignard compound. 2.8 mL (2.54 g 21 mmol, 1 eq) 2-acetlypyridine were dropped into the 
mixture and the reaction mixture was stirred for 12 h at 298 K. 100 mL water were added and 
the resulting phases were separated. The aqueous phase was extracted with diethyl ether, the 
combined organic solutions were dried over Na2SO4 and the solvent was removed under 
vacuum to yield a brown oil. During 3 d colourless crystals were formed which were 
separated by filtration. Yield: 3.0 g (13 mmol, 64%) NMR (300 MHz, [D6]-acetone): 1H: 8.42 
(d, 1H, H6Py), 7.71 (t, 1H, H4Py), 7.65 (d, 1H, H3Py), 7.53 (d, 1H, H6Ph), 7.23 (t, 1H, H4Ph), 7.18 
(t, 1H, H5Py), 6.96 (t, 1H, H5Ph), 6.90 (d, 1H, H3Ph), 5.09 (s, 1H, HOH), 3.55 (s, 3H, HOMe), 1.86 
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(s, 3H, HMe). 13C: 168 (1C, C1Ph), 158 (1C, C2Py), 148 (1C, C2Ph), 147 (1C, C6Py), 136 (1C, 
C4Py), 128 (1C, C4Ph), 127 (1C, C3Py), 121 (1C, C5Py), 120 (2C, C5,6Ph), 112 (1C, C3Ph), 76 (1C, 
COH), 55 (1C, COMe), 28 (1C, CMe) ppm. Elemental Analysis: calc (for C14H15O2N; 
M = 229.27 g mol−1) N 6.11; C 73.34; H 6.59; found: N 6.06; C 73.23; H 6.54. 
2-(methoxy(pyridin-2-yl)benzyl)phenol (OON3): 2.78 mL 2-iodo methoxybenzene (5.0 g, 
21 mmol, 1 eq) and 612 mg (25 mmol, 1.2 eq) magnesium were reacted in dry THF to yield 
the Grignard component. To the stirred reaction mixture a THF solution of 3.84 g (21 mmol, 
1 eq) benzoylpyridine was added slowly. The reaction mixture was stirred for 14 h at 298 K. 
Water was added and the resulting phases were separated. The aqueous phase was washed 
with diethyl ether, the collected organic phases were dried over Na2SO4 and the solvent was 
removed under vacuum. The crude product, a colourless solid, was recrystalised from acetone 
to yield 5.4 g (15 mmol, 72%) of colourless crystals. NMR (300 MHz, [D6]-acetone): 1H: 8.46 
(d, 1H, H6Py), 7.76 (t, 1H, H4Py), 7.59 (d, 1H, H3Py), 7.39 (d, 2H, H2,6Bnz), 7.27 (m, 5H, 
H3,4,5Bnz,4Ph,5Py), 6.85 (t, 1H, H5Ph), 6.99 (d, 1H, H3Ph), 6.95 (d, 1H, H6Ph), 5.67 (s, 1H, HOH), 
3.49 (s, 3H, HOMe). 13C: 167 (1C, CPy2), 159 (1C, C1Ph), 147 (1C, C1Bnz), 148 (1C, C6Py), 137 
(1C, C4Py), 130 (1C, C6Ph), 128 (3C, C2,6Bnz, 4Ph), 127 (3C, C3,4,5Bnz), 123 (2C, C3,5Py), 121 (1C, 
C5Ph), 121 (1C, C1Ph), 113 (1C, C3Ph), 82 (1C, COH), 56 (1C, COMe) ppm. Elemental Analysis: 
calc (for C19H17O2N; M = 365.57 g mol−1) N 4.81; C 78.33; H 5.88; found: N 5.01; C 78.14; 
H 6.01. 
General procedure for complex formation reactions: 1 eq O,O’,N-ligand was dissolved in 
methanol and 1 eq metal precursor dissolved in MeOH/acetone (1:1) were added. The mixture 
was stirred at 298 K for 14 h. The solvent was removed under reduced pressure and the 
remaining solids were washed with cold acetone. 
[ZnCl2(OON1)]: 100 mg (0.46 mmol, 1 eq) of OON1 were reacted with 79 mg (0.46 mmol, 
1 eq) ZnCl2 (anhydrous) to yield 160 mg (0.45 mmol, 97%) of a colourless powder. NMR 
(300 MHz, [D6]-acetone): 1H: 8.77 (s, 1H, HOH), 8.76 (d, 1H, H6Py), 8.12 (t, 1H, H4Py), 7.71 (t, 
1H, H5Py), 7.48 (d, 1H, H6Ph), 7.48 (d, 1H, H3Py), 7.39 (t, 1H, H4Ph), 7.11 (d, 1H, H3Ph), 6.97 (t, 
1H, H5Ph), 6.75 (s, 1H, Hmethanol), 3.84 (s, 3H, HOMe). Elemental Analysis: calc (for 
C13H13O2NCl2Zn; M = 351.54 g mol−1) N 3.98; C 44.42; H 3.73; found: N 3.81; C 43.20; 
H 3.71. 
[ZnCl2(OON2)]: 100 mg (0.44 mmol, 1) eq OON2 and 59 mg (0.44 mmol, 1 eq) ZnCl2 
(anhydrous) were reacted to yield 101 mg (0.28 mmol, 64%) of a colourless powder. NMR 
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(300 MHz, [D6]-acetone): 1H: 8.70 (d, 1H, H6Py), 8.02 (t, 1H, H4Py), 7.94 (s(br), 1H, HOH), 
7.76 (d, 1H, H6Ph), 7.63 (t, 1H, H5Py), 7.23 (d, 1H, H3Py), 7.43 (t, 1H, H4Ph), 7.08 (t, 1H, H5Ph), 
6.99 (d, 1H, H3Ph), 3.49 (s, 3H, HOMe), 2.08 (s, 3H, HMe). Elemental Analysis: calc (for 
C14H15O2NCl2Zn; M = 365.57 g mol−1) N 3.83; C 46.00; H 4.14; found: N 3.90; C 44.91; 
H 4.23. 
[ZnCl2(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 and 46 mg (0.34 mmol, 1 eq) ZnCl2 (anh.) 
were reacted to yield 104 mg (0.24 mmol, 71%) of a colourless powder. NMR (300 MHz, 
[D6]-acetone): 1H: 8.73 (d, 1H, H6Py), 8.07 (t, 1H, H4Py), 7.65 (t, 1H, H5Py), 7.43 (t, 1H, H4Ph), 
7.34 (m, 6H, H2,3,4,5,6Bnz), 7.14 (m, 2H, H5,6Ph), 6.91 (d, 1H, H3Ph), 6.72 (s, 1H, HOH), 3.66 (s, 
3H, HOMe). Elemental Analysis: calc (for C19H17O2NCl2Zn; M = 427.64 g mol−1) N 3.28; C 
53.36; H 4.01; found: N 3.15; C 52.09; H 4.04. 
[CuCl2(OON1)]: 220 mg (1.00 mmol, 1 eq) OON1 were reacted with 138 mg (1.00 mmol, 
1 eq) CuCl2 (anhydrous) to yield 283 mg (0.81 mmol, 81%) of a green solid. Elemental 
Analysis: calc (for C13H13O2NCl2Cu; M = 349.70 g mol−1) N 4.01; C 44.65; H 3.75; found: 
N 3.88; C 45.21; H 3.89. 
[CuCl2(OON2)]: 100 mg (0.44 mmol, 1 eq) OON2 were reacted with 59 mg (0. 44 mmol, 
1 eq) CuCl2 (anhydrous) to yield 107 mg (0.29 mmol, 66%) of a green solid. Elemental 
Analysis: calc (for C14H15O2NCl2Cu; M = 363.73 g mol−1) N 3.85; C 46.23; H 4.16; found: 
N 3.97; C 47.92; H 4.26. 
[CuCl2(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted with 46 mg (34 mmol, 1 eq) 
CuCl2 (anhydrous) to yield 103 mg (0.24 mmol, 71%) of a green solid. Elemental Analysis: 
calc (for C19H16O2NCl2Cu; M = 424.79 g mol−1) N 3.30; C 53.72; H 3.80; found: N 3.27; 
C 52.99; H 3.73. 
[Co(OON1)2(µ-Cl)2CoCl2]: 0.33 mg (1.5 mmol, 1 eq) OON1 were reacted with 357 mg (1.5 
mg, 1 eq) CoCl2⋅6 H2O to yield 510 mg (1.48 mmol, 99%) of a blue solid. Elemental 
Analysis: calc (for C26H26O4N2Cl4Co2; M = 690.18 g mol−1) N 4.06; C 45.25; H 3.80; found: 
N 3.97; C 44.32; H 3.94. 
[Co(OON2)2(µ-Cl)2CoCl2]: 100 mg (0.44 mmol, 1 eq) OON2 were reacted with 107 mg 
(0.44 mmol, 1 eq) CoCl2⋅6 H2O to yield 111 mg (0.31 mmol, 70%) of a blue solid. Elemental 
Analysis: calc (for C28H30O4N2Cl4Co2; M = 718.22 g mol−1) N 3.90; C 46.82; H 4.21; found: 
N 3.89; C 45.71; H 4.37. 
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[Co(OON3)2(µ-Cl)2CoCl2]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted with 81 mg (34 
mmol, 1 eq) CoCl2⋅6 H2O to yield 133 mg (0.32, 94%) of a blue solid. Elemental Analysis: 
calc (for C38H34O4N2Cl4Co2; M = 842.36 g mol−1) N 3.33; C 54.18; H 4.07; found: N 3.24; C 
52.26; H 4.18. 
[FeCl3(OON1)]: 100 mg (0.46 mmol, 1 eq) OON1 were reacted with 92 mg (0.46 mmol, 
1 eq) FeCl3⋅6 H2O to yield 157 mg (0.42 mmol, 91%) of a dark red solid. Elemental Analysis: 
calc (for C13H13O2NCl3Fe; M = 377.45 g mol−1) N 3.71; C 41.37; H 3.47; found: N 3.84; C 
42.67; H 3.56. 
[FeCl2(OON1)]2: 50 mg (0.13 mmol, 2 eq) [FeCl3(OON1)] were dissolved in acetone and 
stirred for 60 h. A dark red precipitate was formed and filtered off. After washing with 
acetone 37 mg (0.05 mmol, 92%) were obtained. Analysis: calc (for C26H24O4N2Cl6Fe2; 
M = 681.98 g mol−1) N 3.55; C 45.79; H 4.11; found: N 4.06; C 44.68; H 3.46. 
[FeClx(OON2)]y: 170 mg (0.74 mmol, 1 eq) OON2 were reacted with 148 mg (0.74 mmol, 
1 eq) FeCl3⋅6 H2O to yield 253 mg of a bride orange solid. The product is an asymmetric 
polymer with more than one FeIII species, the exact stoichiometry of this compound could not 
be determined. Elemental Analysis found: N 3.07; C 49.66; H 3.75. 
[FeCl2(OON3)]: 97 mg (0.33 mmol, 1 eq) OON3 and 66 mg (0.33 mmol, 1 eq) FeCl2⋅4 H2O 
were dissolved in 5 mL methanol each. Both solutions were combined and stirred for 6 h at 
298 K. The solvent of the resulting orange-brown solution was removed under vacuum to 
yield 83 mg (0.20 mmol, 61%) of a brown powder. Elemental Analysis: calc (for 
C19H17O2NCl2Fe; M = 418.09 g mol−1) N 3.35; C 54.58; H 4.10; found: N 3.45; C 53.88; 
H 3.92.  
[FeCl3(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted with 68 mg (0.34 mmol, 
1 eq) FeCl3⋅6 H2O to yield 124 mg (0.27 mmol, 79%) of a brown-red solid. Elemental 
Analysis: calc (for C19H17O2NCl3Fe; M = 453.55 g mol−1) N 3.09; C 50.32; H 3.78; found: N 
3.07; C 49.66; H 3.75. 
[NiCl2(OON1)]: 100 mg (0.46 mmol, 1 eq) OON1 were reacted with 110 mg (0.46 mmol, 
1 eq) NiCl2⋅6 H2O to yield 60 mg (0.17 mmol, 37%) of a green solid. NMR (300 MHz, [D6]-
acetone): 1H: 11.46; 7.70; 7.46; 7.20; 6.94; 6.80; 5.38; 4.80; 4.28; 3.83 ppm. Elemental 
Analysis: calc (for C13H13O2NCl2Ni; M = 344.85 g mol−1) N 4.06; C 45.28; H 3.80; found: N 
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3.88; C 43.72; H 3.98. 
[NiCl2(OON2)]: 100 mg (0.43 mmol, 1 eq) OON2 were reacted with 102 mg (0.43 mmol, 
1 eq) NiCl2⋅6 H2O to yield 74 mg (0.21 mmol, 49%) of a green solid. NMR (300 MHz, [D6]-
acetone): 1H: 15.49; 13.27; 8.42; 7.51; 6.95; 5.52; 4.49; 2.00 ppm. Elemental Analysis: calc 
(for C14H15O2NCl2Ni; M = 356.98 g mol−1) N 3.90; C 46.85; H 4.21; found: N 4.09; C 44.52; 
H 4.05. 
[NiCl2(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted with 82 mg (0.34 mmol, 
1 eq) NiCl2⋅6 H2O to yield 84 mg (0.20 mmol, 59%) of a green solid. NMR (300 MHz, [D6]-
acetone): 1H: 14.10; 8.12; 7.47; 6.93; 4.60; 3.54 ppm. Elemental Analysis: calc (for 
C19H17O2NCl2Ni; M = 420.94 g mol−1) N 3.33; C 54.21; H 4.07; found: N 3.39; C 52.85; H 
4.24. 
[Cu(triaz)2]: 90 mg (0.25 mmol, 2 eq) triazH dissolved in 10 mL of a 5:3 solution 
MeCN/toluene were mixed with 0.350 mL (0.25 mmol, 2 eq) NEt3. After stirring for 
5 minutes a solution of 480 mg (0.13 mmol, 1 eq) Cu(OTf)2 in 1 mL MeCN were added in 
one portion and the resulting dark brown solution was slowly evaporated to dryness at 298 K 
to yield 47 mg (0.06 mmol, 43%) of green-brown crystals. Elemental analyses: calc (for 
C40H46N6O2Cl2Cu; M = 777.27 g mol−1) N 10.81; C 61.81; H 5.97; found: N 10.69; C 60.74; 
H 5.88. 
[Cu(py)4(OTf)2]: 100 mg (0.27 mmol, 1 eq) Cu(OTf)2 were mixed in 2 mL MeCN. 79 mg 
(1.1 mmol, 4 eq) pyridine were added in one portion and the solution was stirred 10 minutes. 
The solvent was removed by evaporation to yield 178 mg (0.27 mmol, 100%) dark blue 
crystals. Elemental analyses: calc (for C22H20F6N4O5S2Cu; M = 662.08 g mol−1) N 8.46; C 
39.91; H 3.04; S 9.69; found: N 8.56; C 39.95; H 3.08; S 9.42. 
 
9.3 Disproportionation Experiments 
A solution of 358 mg (1 mmol) free ligand in 40 mL of a 5:3 solution of MeCN/toluene was 
prepared. 
Different metal salts: 1 mL of the ligand solution (containing 0.025 mmol ligand) were 
mixed with 1 eq (0.025 mmol) NEt3. The mixture was stirred for five minutes at 298 K and 
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then the MeCN dissolved metal salt was added in one portion (in case of copper oxalate and 
copper phosphate a suspension was used). Spectra were measured immediately after the 
solution turned red-brown or at latest five minutes after mixing all components. 
Different amounts of Cu(OTf)2 - 298 K, dilute: 1 mL of the ligand solution (containing 
0.025 mmol ligand) were mixed with 1 eq (0.025 mmol) NEt3. The mixture was stirred for 
five minutes at 298 K. The solution was diluted (0.00025 mmol) and the first spectrum was 
measured. The MeCN-dissolved Cu(OTf)2 were added in several small portions directly into 
the cuvette followed by vigorously shaking. Spectra were measured immediately after adding 
the Cu(OTf)2 solutions. 
Different amounts of Cu(OTf)2 – 273 K, concentrated: 1 mL of the ligand solution 
(containing 0.025 mmol ligand) were mixed with 0.025 mmol (1.0 eq) NEt3. The mixture was 
cooled to 273 K on an water/ice bath. 0.0125 mmol (0.5 eq) Cu(OTf)2 dissolved in 0.2 mL 
MeCN were as well cooled to 273 K, both solutions were combined. The solvent for dilution 
(to achieve the appropriate concentration for absorption spectroscopy) was either 273 K cold. 
The spectra were measured immediately after dilution and with rapid scan velocity, since no 
temperature controlling device for the absorption spectrometer was available. 
Different bases: 1 mL of the ligand solution (containing 0.025 mmol ligand) were mixed 
with 0.025 mmol (1.0 eq) of the chosen base (solids were dissolved in small portions of 
MeCN previously). The mixture was stirred for five minutes at 298 K and then 0.0125 mmol 
Cu(OTf)2 dissolved in 0.2 mL MeCN were added in one portion to the ligand solution. 
Spectra were recorded after three minutes reaction time. 
Different amounts of base: 1 mL of the ligand solution (containing 0.025 mmol ligand) were 
mixed with varying amounts of base (0.1−10 eq). The mixture was stirred for five minutes at 
298 K and then 0.0125 mmol (0.5 eq) Cu(OTf)2 dissolved in 0.2 mL MeCN were added in 
one portion to the ligand solution. Spectra were recorded after three minutes reaction time. 
Varying solvent polarity: 1 mL of the ligand solution (containing 0.025 mmol ligand) were 
mixed with 0.025 mmol (1.0 eq) NEt3, the mixture was stirred for five minutes at 298 K. The 
different mixtures of MeCN/toluene (0:1–1:0) were prepared separately. Then 0.0125 mmol 
(0.5 eq) Cu(OTf)2 were dissolved in 0.2 mL MeCN and added in one portion to the ligand 
solution. 15 µL radical containing solution (indicated by its dark brown colour) were mixed 
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with 3 mL of the prepared solvent (mixture) and the absorption spectra were recorded after 3 
minutes. 
Catalytic test reactions on the triaz system: Reference: 1.0 g benzyl alcohol were mixed 
with 1 eq powdered NaOH and was stirred vigorously. CuI-method: 1.0 g benzyl alcohol was 
mixed with 1 eq powdered NaOH. A solution of 0.5 eq [(Cu(OTf))2(µ-C7H8)] with 2.0 eq 
triazH and 0.1 eq NEt3 in O2 saturated MeCN/toluene (5:3) was prepared. The catalyst 
mixture was added to the benzyl alcohol/NaOH mixture (2.5%mol catalyst). CuII-method: A 
mixture of 2 eq triazH with 0.1 eq NEt3 and 2 eq Cu(OTf)2 in MeCN/toluene 5:3 (O2 
saturated) was prepared. 1.0 mg benzyl alcohol was mixed with 1 eq powdered NaOH and 
was stirred vigorously. The freshly prepared catalysts mixture (after 3 to 5 minutes) was 
added to the benzyl alcohol mixture (2.5%mol). Detection: While all reaction mixtures were 
stirred at 298 K, samples of the reaction mixture were taken, mixed with CD2Cl2 upon which 
a green-brown precipitate was formed. The remaining solution was isolated and submitted to 
NMR spectroscopic analysis. 1H spectra (300 MHz) were recorded and product yields were 
determined by integration of the aldehyde proton. 
Catalytic test reactions on various systems: A solution of 0.5 eq [(Cu(OTf))2(µ-C7H8)] with 
2.0 eq ligand in pure MeCN was prepared. 1.0 g benzyl alcohol was mixed with 1 eq 
powdered NaOH. Both mixtures were combined and vigorously stirred at 298 K. Samples of 
the reaction mixtures were taken, mixed with CD2Cl2 upon which a green-brown precipitate 
was formed. The remaining solution was isolated and submitted to NMR spectroscopic 
analysis. 1H spectra (300 MHz) were recorded and product yields were determined by 
integration of the aldehyde proton. 
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Table A1: Crystal data and structure refinement for pydicOIPh 
empirical formula  C19H11I2NO4  
formula weight  571.09  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  orthorhombic  
space group  Pbca (No. 61)  
unit cell dimensions a = 13.520(5) Å α= 90° 
 b = 14.455(5) Å β= 90° 
 c = 19.496(5) Å γ = 90° 
volume 3810(2) Å3  
Z 8  
density (calculated) 1.991 g cm−1  
absorption coefficient 3.325 mm−1  
F(000) 2160  
crystal size 0.5 x 0.6 x 1.0 mm3  
theta range for data collection 2.31 to 28.21°.  
index ranges −17 < h < 17,  
−19 < k < 19,  
−25 < l < 25 
 
reflections collected 34795  
independent reflections 4654 [R(int) = 0.0939]  
data / restraints / parameters 4654 / 0 / 235  
Goodness−of−fit on F2 0.856  
final R indices [I>2sigma(I)] R1 = 0.0338, wR2 = 0.0431  
R indices (all data) R1 = 0.1284, wR2 = 0.0514  
largest diff. peak and hole 0.577 and −0.568 e.Å−3  
 
Table A2: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
pydicOIPh. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
I(1) 5812(1) 3443(1) −1589(1) 80(1)
I(2) 4140(1) −890(1) 2769(1) 82(1)
O(1) 5614(2) 3615(2) 22(1) 46(1)
O(2) 7049(2) 2898(2) 236(2) 50(1)
O(3) 5517(2) −786(2) 1460(1) 48(1)
O(4) 6804(2) 139(2) 1689(2) 68(1)
N(1) 5991(2) 1449(2) 802(2) 36(1)
C(1) 6141(3) 4385(3) −222(2) 40(1)
C(2) 6294(3) 4461(3) −929(3) 48(1)
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C(3) 6776(3) 5256(3) −1164(3) 58(1)
C(4) 7095(3) 5916(4) −705(3) 67(2)
C(5) 6940(3) 5817(4) −19(3) 63(1)
C(6) 6457(3) 5057(3) 226(3) 54(1)
C(7) 6168(3) 2880(3) 222(2) 37(1)
C(8) 5535(3) 2079(3) 413(2) 33(1)
C(9) 4566(3) 1983(3) 192(2) 42(1)
C(10) 4048(3) 1198(3) 377(2) 49(1)
C(11) 4512(3) 542(3) 774(2) 44(1)
C(12) 5475(3) 689(3) 975(2) 34(1)
C(13) 6034(3) 12(3) 1419(2) 41(1)
C(14) 5884(3) −1479(3) 1890(2) 40(1)
C(15) 6658(3) −2011(3) 1684(3) 52(1)
C(16) 6967(4) −2751(4) 2086(3) 65(2)
C(17) 6489(4) −2932(4) 2695(3) 73(2)
C(18) 5707(4) −2399(3) 2889(2) 66(2)
C(19) 5372(3) −1652(3) 2496(2) 50(1)
 
Table A3: Bond lengths [Å] and angles [°] for PydicOIPh 
I(1)−C(2) 2.059(5) C(7)−C(8) 1.488(5)
I(2)−C(19) 2.066(5) C(8)−C(9) 1.386(5)
O(1)−C(7) 1.356(5) C(9)−C(10) 1.382(5)
O(1)−C(1) 1.405(5) C(9)−H(9) 0.9300
O(2)−C(7) 1.192(4) C(10)−C(11) 1.376(5)
O(3)−C(13) 1.352(5) C(10)−H(10) 0.9300
O(3)−C(14) 1.396(4) C(11)−C(12) 1.375(5)
O(4)−C(13) 1.181(5) C(11)−H(11) 0.9300
N(1)−C(8) 1.337(5) C(12)−C(13) 1.509(5)
N(1)−C(12) 1.345(5) C(14)−C(19) 1.392(5)
C(1)−C(2) 1.398(6) C(14)−C(15) 1.359(6)
C(1)−C(6) 1.375(6) C(15)−C(16) 1.389(6)
C(2)−C(3) 1.399(6) C(15)−H(15) 0.9300
C(3)−C(4) 1.378(7) C(16)−C(17) 1.377(7)
C(3)−H(3) 0.9300 C(16)−H(16) 0.9300
C(4)−C(5) 1.361(7) C(17)−C(18) 1.362(7)
C(4)−H(4) 0.9300 C(17)−H(17) 0.9300
C(5)−C(6) 1.364(6) C(18)−C(19) 1.401(6)
C(5)−H(5) 0.9300 C(18)−H(18) 0.9300
C(6)−H(6) 0.9300
 
C(7)−O(1)−C(1) 116.0(3) C(11)−C(10)−C(9) 118.8(4)
C(13)−O(3)−C(14) 117.7(3) C(11)−C(10)−H(10) 120.6
C(8)−N(1)−C(12) 117.3(3) C(9)−C(10)−H(10) 120.6
C(2)−C(1)−C(6) 121.7(4) C(10)−C(11)−C(12) 119.0(4)
C(2)−C(1)−O(1) 118.1(4) C(10)−C(11)−H(11) 120.5
C(6)−C(1)−O(1) 120.2(4) C(12)−C(11)−H(11) 120.5
C(1)−C(2)−C(3) 117.1(4) N(1)−C(12)−C(11) 123.1(4)
C(1)−C(2)−I(1) 120.8(3) N(1)−C(12)−C(13) 114.4(4)
C(3)−C(2)−I(1) 122.0(4) C(11)−C(12)−C(13) 122.5(4)
C(4)−C(3)−C(2) 120.1(5) O(4)−C(13)−O(3) 124.2(4)
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C(4)−C(3)−H(3) 119.9 O(4)−C(13)−C(12) 126.6(4)
C(2)−C(3)−H(3) 119.9 O(3)−C(13)−C(12) 109.2(4)
C(3)−C(4)−C(5) 121.2(5) C(19)−C(14)−C(15) 122.1(4)
C(3)−C(4)−H(4) 119.4 C(19)−C(14)−O(3) 117.5(4)
C(5)−C(4)−H(4) 119.4 C(15)−C(14)−O(3) 120.1(4)
C(4)−C(5)−C(6) 120.1(5) C(14)−C(15)−C(16) 120.1(5)
C(4)−C(5)−H(5) 119.9 C(14)−C(15)−H(15) 120.0
C(6)−C(5)−H(5) 119.9 C(16)−C(15)−H(15) 120.0
C(5)−C(6)−C(1) 119.7(5) C(17)−C(16)−C(15) 119.4(5)
C(5)−C(6)−H(6) 120.2 C(17)−C(16)−H(16) 120.3
C(1)−C(6)−H(6) 120.2 C(15)−C(16)−H(16) 120.3
O(2)−C(7)−O(1) 122.8(4) C(18)−C(17)−C(16) 119.8(5)
O(2)−C(7)−C(8) 125.8(4) C(18)−C(17)−H(17) 120.1
O(1)−C(7)−C(8) 111.3(3) C(16)−C(17)−H(17) 120.1
N(1)−C(8)−C(9) 123.0(4) C(17)−C(18)−C(19) 122.3(5)
N(1)−C(8)−C(7) 114.0(3) C(17)−C(18)−H(18) 118.8
C(9)−C(8)−C(7) 122.9(4) C(19)−C(18)−H(18) 118.8
C(10)−C(9)−C(8) 118.7(4) C(14)−C(19)−C(18) 116.3(4)
C(10)−C(9)−H(9) 120.7 C(14)−C(19)−I(2) 121.6(3)
C(8)−C(9)−H(9) 120.7 C(18)−C(19)−I(2) 122.1(4)
  
Table A4: Anisotropic displacement parameters (Å2x 103)for pydicOIPh. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 
I(1) 89(1)  81(1) 70(1)  −17(1) −3(1)  −18(1) 
I(2) 78(1)  88(1) 80(1)  −19(1) 24(1)  2(1) 
O(1) 35(2)  35(2) 68(2)  11(2) −1(1)  −1(2) 
O(2) 32(2)  43(2) 74(2)  18(2) 2(2)  −1(2) 
O(3) 47(2)  43(2) 54(2)  17(2) −7(1)  −11(2) 
O(4) 60(2)  44(2) 99(3)  24(2) −31(2)  −18(2) 
N(1) 29(2)  37(2) 42(2)  −1(2) 1(2)  3(2) 
C(1) 30(3)  32(3) 57(3)  6(2) −5(2)  3(2) 
C(2) 34(3)  38(3) 72(4)  17(2) −10(2)  −3(2) 
C(3) 45(3)  52(3) 78(4)  23(3) 0(3)  −9(3) 
C(4) 46(3)  35(3) 120(5)  14(4) −19(3)  −7(3) 
C(5) 54(3)  41(3) 92(4)  −2(3) −23(3)  −1(3) 
C(6) 52(3)  43(3) 69(4)  2(3) −9(3)  9(3) 
C(7) 41(3)  35(3) 36(3)  2(2) −1(2)  1(2) 
C(8) 31(3)  32(2) 37(2)  −1(2) −2(2)  3(2) 
C(9) 42(3)  40(3) 44(3)  7(2) −4(2)  −2(2) 
C(10) 37(3)  49(3) 62(3)  10(2) −12(3)  −8(3) 
C(11) 37(3)  45(3) 51(3)  8(2) 3(2)  −8(2) 
C(12) 31(2)  31(3) 39(2)  2(2) 5(2)  −1(2) 
C(13) 37(3)  41(3) 45(3)  −1(2) 3(2)  −4(2) 
C(14) 41(2)  36(2) 42(2)  9(2) −1(2)  −2(3) 
C(15) 37(3)  60(3) 59(3)  11(3) 5(2)  −8(3) 
C(16) 52(3)  59(4) 84(5)  6(3) −4(3)  8(3) 
C(17) 74(4)  64(4) 80(5)  23(3) −14(4)  0(3) 
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C(18) 80(4)  70(4) 48(3)  18(3) −2(3)  −10(4) 





Table A5: Crystal data and structure refinement for [Cu(OH2)6][(Cu(pydic)(µ−Cl)2] 
empirical formula  C14H18Cl2Cu3N2O14  
formula weight  671.73  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 8.185(3) Å α= 69.01(3)° 
 b = 9.500(3) Å β= 66.97(3)° 
 c = 9.682(2) Å γ = 89.04(4)° 
volume 640.2(3) Å3  
Z 1  
density (calculated) 1.742 gcm−1  
absorption coefficient 2.737 mm−1  
F(000) 329  
crystal size 0.2 x 0.2 x 2.0 mm3  
theta range for data collection 2.32 to 28.21°.  
index ranges −10 < h < 10,  
−12 < k < 12,  
−12 < l < 12 
 
reflections collected 7673  
independent reflections 2846 [R(int) = 0.0594]  
data / restraints / parameters 2846 / 0 / 160  
Goodness−of−fit on F2 0.902  
final R indices [I>2sigma(I)] R1 = 0.0533, wR2 = 
0.1322 
 
R indices (all data) R1 = 0.0937, wR2 = 
0.1499 
 
largest diff. peak and hole 1.710 and −1.147 e.Å−3  
 
Table A6: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Cu(OH2)6][(Cu(pydic)(µ−Cl)2]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Cu(1) 6574(1) 4379(1) 792(1) 25(1)
Cu(2) 0 0 5000 39(1)
Cl(1) 6058(2) 3863(2) −1065(2) 31(1)
O(1) 8602(6) 6158(5) −734(4) 29(1)
O(2) 4956(6) 2605(5) 2863(5) 30(1)
O(3) 10536(7) 7836(6) −744(5) 48(1)
O(4) 4160(7) 1639(6) 5560(5) 41(1)
O(5) 1401(8) 2059(7) 3621(6) 53(2)
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O(6) 8327(7) 498(6) 3944(5) 41(1)
N(1) 7315(7) 4728(6) 2318(5) 22(1)
C(1) 5108(9) 2562(8) 4171(6) 29(2)
C(2) 6481(8) 3796(7) 3884(6) 23(1)
C(3) 6894(9) 4064(8) 5029(7) 29(2)
C(4) 8138(9) 5333(9) 4506(7) 35(2)
C(5) 9006(9) 6291(8) 2864(8) 32(2)
C(6) 8545(8) 5918(8) 1780(7) 25(1)
C(7) 9325(8) 6761(8) −56(7) 26(1)
O(11) 2290(40) −497(11) 2544(16) 177(13)
 
Table A7: Bond lengths [Å] and angles [°] for [Cu(OH2)6][(Cu(pydic)(µ−Cl)2] 
Cu(1)−N(1)  1.928(4) O(4)−C(1)  1.242(7)
Cu(1)−O(2)  2.047(4) O(6)−Cu(2)#5  1.968(5)
Cu(1)−O(1)  2.045(5) N(1)−C(6)  1.331(8)
Cu(1)−Cl(1)  2.210(2) N(1)−C(2)  1.341(7)
Cu(1)−Cl(1)#1  2.693(2) C(1)−C(2)  1.510(9)
Cu(2)−O(6)#2  1.968(5) C(2)−C(3)  1.381(8)
Cu(2)−O(6)#3  1.968(5) C(3)−C(4)  1.40(1)
Cu(2)−O(5)  1.983(6) C(3)−H(3)  0.9300
Cu(2)−O(5)#4  1.983(6) C(4)−C(5)  1.401(9)
Cl(1)−Cu(1)#1  2.693(2) C(4)−H(4)  0.9300
O(1)−C(7)  1.302(7) C(5)−C(6)  1.396(8)
O(2)−C(1)  1.307(7) C(5)−H(5)  0.9300
O(3)−C(7)  1.224(8) C(6)−C(7)  1.522(8)
     
N(1)−Cu(1)−O(2) 80.8(2) O(4)−C(1)−O(2) 123.8(6)
N(1)−Cu(1)−O(1) 79.2(2) O(4)−C(1)−C(2) 121.5(5)
O(2)−Cu(1)−O(1) 159.5(2) O(2)−C(1)−C(2) 114.6(5)
N(1)−Cu(1)−Cl(1) 172.6(2) N(1)−C(2)−C(3) 119.4(6)
O(2)−Cu(1)−Cl(1) 101.0(2) N(1)−C(2)−C(1) 113.0(5)
O(1)−Cu(1)−Cl(1) 98.3(2) C(3)−C(2)−C(1) 127.6(5)
N(1)−Cu(1)−Cl(1)#1 96.9(2) C(2)−C(3)−C(4) 118.1(6)
O(2)−Cu(1)−Cl(1)#1 92.0(2) C(2)−C(3)−H(3) 120.9
O(1)−Cu(1)−Cl(1)#1 94.8(2) C(4)−C(3)−H(3) 120.9
Cl(1)−Cu(1)−Cl(1)#1 90.26(6) C(5)−C(4)−C(3) 121.8(6)
O(6)#2−Cu(2)−O(6)#3 180.0 C(5)−C(4)−H(4) 119.1
O(6)#2−Cu(2)−O(5) 90.0(2) C(3)−C(4)−H(4) 119.1
O(6)#3−Cu(2)−O(5) 90.0(2) C(4)−C(5)−C(6) 116.4(6)
O(6)#2−Cu(2)−O(5)#4 90.0(2) C(4)−C(5)−H(5) 121.8
O(6)#3−Cu(2)−O(5)#4 90.0(2) C(6)−C(5)−H(5) 121.8
O(5)−Cu(2)−O(5)#4 180.0 N(1)−C(6)−C(5) 120.5(6)
Cu(1)−Cl(1)−Cu(1)#1 89.74(6) N(1)−C(6)−C(7) 113.2(5)
C(7)−O(1)−Cu(1) 116.6(4) C(5)−C(6)−C(7) 126.2(6)
C(1)−O(2)−Cu(1) 114.0(4) O(3)−C(7)−O(1) 126.9(5)
C(6)−N(1)−C(2) 123.7(5) O(3)−C(7)−C(6) 121.1(5)
C(6)−N(1)−Cu(1) 118.6(4) O(1)−C(7)−C(6) 112.0(6)
C(2)−N(1)−Cu(1) 117.6(4)
Symmetry transformations used to generate equivalent atoms: #1 −x+1,−y+1,−z    #2 −x+1,−y,−z+1    #3 
x−1,y,z    #4 −x,−y,−z+1    #5 x+1,y,z  
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Table A8: Anisotropic displacement parameters (Å2x 103)for [Cu(OH2)6][(Cu(pydic)(µ−Cl)2]. The 
anisotropic displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Cu(1) 26(1)  31(1) 15(1)  −6(1) −10(1)  −6(1) 
Cu(2) 29(1)  28(1) 50(1)  1(1) −19(1)  −8(1) 
Cl(1) 39(1)  37(1) 25(1)  −17(1) −18(1)  7(1) 
O(1) 31(2)  30(3) 17(2)  −2(2) −8(2)  −9(2) 
O(2) 37(3)  31(3) 19(2)  −3(2) −13(2)  −9(2) 
O(3) 50(3)  46(4) 28(2)  1(2) −10(2)  −31(3) 
O(4) 46(3)  46(3) 20(2)  2(2) −14(2)  −16(3) 
O(5) 54(3)  53(4) 35(3)  9(3) −24(2)  −23(3) 
O(6) 36(3)  41(3) 30(2)  3(2) −13(2)  −11(3) 
N(1) 23(3)  24(3) 19(2)  −6(2) −10(2)  −3(2) 
C(1) 32(3)  34(4) 14(3)  −1(3) −10(2)  −3(3) 
C(2) 24(3)  25(4) 17(3)  −4(2) −8(2)  0(3) 
C(3) 31(3)  37(4) 19(3)  −8(3) −12(3)  2(3) 
C(4) 39(4)  49(5) 26(3)  −18(3) −19(3)  1(4) 
C(5) 31(4)  37(4) 32(3)  −16(3) −13(3)  −5(3) 
C(6) 25(3)  28(4) 24(3)  −9(3) −11(2)  −1(3) 
C(7) 22(3)  33(4) 21(3)  −6(3) −9(2)  3(3) 
O(11) 530(40)  6(5) 78(9)  −13(6) −204(18)  32(12) 
 
Table A9: Crystal data and structure refinement for (HNEt3)[(pydicOMe)CuCl3] 
empirical formula  C15H25Cl3CuN2O4  
formula weight  467.26  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 7.706(5) Å α = 93.846(5)° 
 b = 10.274(5) Å β = 92.271(5)° 
 c = 13.666(5) Å γ = 107.216(5)° 
volume 1029.1(9) Å3  
Z 2  
density (calculated) 1.508 gcm−1  
absorption coefficient 1.471 mm−1  
F(000) 482  
crystal size 0.3 x 0.4 x 0.6 mm3  
theta range for data collection 2.46 to 28.16°.  
index ranges −9 < h < 10 
−13 < k < 13 
−18 < l < 18 
 
reflections collected 12430  
independent reflections 4602 [R(int) = 0.1262]  
data / restraints / parameters 4602 / 0 / 235  
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Goodness−of−fit on F2 0.675  
final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.0544  
R indices (all data) R1 = 0.1468, wR2 = 0.0720  




Table A10: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
(HNEt3)[(pydicOMe)CuCl3]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Cu(1) 11512(1) 3144(1) 2473(1) 34(1)
Cl(1) 9771(2) 885(1) 2423(1) 50(1)
Cl(2) 13549(2) 2627(1) 1499(1) 46(1)
Cl(3) 13088(2) 5441(1) 2703(1) 50(1)
O(1) 12367(4) 2834(3) 4247(2) 44(1)
O(2) 9293(5) 3792(3) 1363(2) 62(1)
O(3) 10703(5) 2311(4) 5551(2) 66(1)
O(4) 7632(4) 5202(3) 1654(2) 54(1)
N(1) 9583(5) 3558(3) 3347(3) 33(1)
N(2) 13087(5) −550(4) 1898(3) 36(1)
C(1) 11031(6) 2770(4) 4669(3) 38(1)
C(2) 9508(6) 3262(4) 4285(3) 34(1)
C(3) 8144(6) 3462(4) 4868(3) 43(1)
C(4) 6867(7) 3977(5) 4470(4) 51(1)
C(5) 6942(6) 4292(4) 3500(4) 46(1)
C(6) 8328(6) 4067(4) 2965(3) 35(1)
C(7) 8479(6) 4334(4) 1904(4) 42(1)
C(8) 7488(8) 5364(5) 608(4) 75(2)
C(9) 12178(9) 1896(7) 6030(4) 94(2)
C(10) 13157(7) −863(5) 2952(3) 55(1)
C(11) 14478(9) 270(6) 3587(4) 89(2)
C(12) 14865(6) −311(4) 1434(3) 41(1)
C(13) 15479(7) −1556(5) 1271(4) 64(2)
C(14) 11536(6) −1602(5) 1330(3) 49(1)
C(15) 11290(8) −1243(5) 307(4) 74(2)
 
Table A11: Bond lengths [Å] and angles [°] for (HNEt3)[(pydicOMe)CuCl3] 
Cu(1)−N(1)  2.065(4) C(8)−H(8A)  0.9600
Cu(1)−Cl(2)  2.255(2) C(8)−H(8B)  0.9600
Cu(1)−Cl(3)  2.305(2) C(8)−H(8C)  0.9600
Cu(1)−Cl(1)  2.306(2) C(9)−H(9A)  0.9600
O(1)−C(1)  1.187(5) C(9)−H(9B)  0.9600
O(2)−C(7)  1.200(5) C(9)−H(9C)  0.9600
O(3)−C(1)  1.330(5) C(10)−C(11)  1.496(7)
O(3)−C(9)  1.472(6) C(10)−H(10A)  0.9700
O(4)−C(7)  1.306(5) C(10)−H(10B)  0.9700
O(4)−C(8)  1.453(5) C(11)−H(11A)  0.9600
N(1)−C(6)  1.334(5) C(11)−H(11B)  0.9600
N(1)−C(2)  1.336(5) C(11)−H(11C)  0.9600
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N(2)−C(12)  1.493(5) C(12)−C(13)  1.497(6)
N(2)−C(10)  1.499(5) C(12)−H(12A)  0.9700
N(2)−C(14)  1.500(6) C(12)−H(12B)  0.9700
N(2)−H(22)  0.90(4) C(13)−H(13A)  0.9600
C(1)−C(2)  1.499(6) C(13)−H(13B)  0.9600
C(2)−C(3)  1.398(5) C(13)−H(13C)  0.9600
C(3)−C(4)  1.360(7) C(14)−C(15)  1.489(6)
C(3)−H(3)  0.9300 C(14)−H(14A)  0.9700
C(4)−C(5)  1.385(6) C(14)−H(14B)  0.9700
C(4)−H(4)  0.9300 C(15)−H(15A)  0.9600
C(5)−C(6)  1.384(6) C(15)−H(15B)  0.9600
C(5)−H(5)  0.9300 C(15)−H(15C)  0.9600
C(6)−C(7)  1.495(6)  
     
N(1)−Cu(1)−Cl(2) 178.1(2) H(8B)−C(8)−H(8C) 109.5
N(1)−Cu(1)−Cl(3) 87.3(1) O(3)−C(9)−H(9A) 109.5
Cl(2)−Cu(1)−Cl(3) 94.45(6) O(3)−C(9)−H(9B) 109.5
N(1)−Cu(1)−Cl(1) 86.1(1) H(9A)−C(9)−H(9B) 109.5
Cl(2)−Cu(1)−Cl(1) 92.11(6) O(3)−C(9)−H(9C) 109.5
Cl(3)−Cu(1)−Cl(1) 172.87(6) H(9A)−C(9)−H(9C) 109.5
C(1)−O(3)−C(9) 115.3(4) H(9B)−C(9)−H(9C) 109.5
C(7)−O(4)−C(8) 115.7(4) C(11)−C(10)−N(2) 112.4(4)
C(6)−N(1)−C(2) 118.8(4) C(11)−C(10)−H(10A) 109.1
C(6)−N(1)−Cu(1) 119.9(3) N(2)−C(10)−H(10A) 109.1
C(2)−N(1)−Cu(1) 121.1(3) C(11)−C(10)−H(10B) 109.1
C(12)−N(2)−C(10) 113.9(4) N(2)−C(10)−H(10B) 109.1
C(12)−N(2)−C(14) 113.9(3) H(10A)−C(10)−H(10B) 107.9
C(10)−N(2)−C(14) 110.1(3) C(10)−C(11)−H(11A) 109.5
C(12)−N(2)−H(22) 109(2) C(10)−C(11)−H(11B) 109.5
C(10)−N(2)−H(22) 104(2) H(11A)−C(11)−H(11B) 109.5
C(14)−N(2)−H(22) 105(3) C(10)−C(11)−H(11C) 109.5
O(1)−C(1)−O(3) 125.5(5) H(11A)−C(11)−H(11C) 109.5
O(1)−C(1)−C(2) 123.7(4) H(11B)−C(11)−H(11C) 109.5
O(3)−C(1)−C(2) 110.8(4) N(2)−C(12)−C(13) 114.7(4)
N(1)−C(2)−C(3) 121.7(5) N(2)−C(12)−H(12A) 108.6
N(1)−C(2)−C(1) 115.2(4) C(13)−C(12)−H(12A) 108.6
C(3)−C(2)−C(1) 123.1(4) N(2)−C(12)−H(12B) 108.6
C(4)−C(3)−C(2) 119.0(5) C(13)−C(12)−H(12B) 108.6
C(4)−C(3)−H(3) 120.5 H(12A)−C(12)−H(12B) 107.6
C(2)−C(3)−H(3) 120.5 C(12)−C(13)−H(13A) 109.5
C(3)−C(4)−C(5) 119.6(4) C(12)−C(13)−H(13B) 109.5
C(3)−C(4)−H(4) 120.2 H(13A)−C(13)−H(13B) 109.5
C(5)−C(4)−H(4) 120.2 C(12)−C(13)−H(13C) 109.5
C(6)−C(5)−C(4) 118.4(5) H(13A)−C(13)−H(13C) 109.5
C(6)−C(5)−H(5) 120.8 H(13B)−C(13)−H(13C) 109.5
C(4)−C(5)−H(5) 120.8 C(15)−C(14)−N(2) 111.8(4)
N(1)−C(6)−C(5) 122.5(4) C(15)−C(14)−H(14A) 109.3
N(1)−C(6)−C(7) 115.5(4) N(2)−C(14)−H(14A) 109.3
C(5)−C(6)−C(7) 122.0(5) C(15)−C(14)−H(14B) 109.3
O(2)−C(7)−O(4) 125.2(5) N(2)−C(14)−H(14B) 109.3
O(2)−C(7)−C(6) 122.3(5) H(14A)−C(14)−H(14B) 107.9
O(4)−C(7)−C(6) 112.4(4) C(14)−C(15)−H(15A) 109.5
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O(4)−C(8)−H(8A) 109.5 C(14)−C(15)−H(15B) 109.5
O(4)−C(8)−H(8B) 109.5 H(15A)−C(15)−H(15B) 109.5
H(8A)−C(8)−H(8B) 109.5 C(14)−C(15)−H(15C) 109.5
O(4)−C(8)−H(8C) 109.5 H(15A)−C(15)−H(15C) 109.5
H(8A)−C(8)−H(8C) 109.5 H(15B)−C(15)−H(15C) 109.5
 
Table A12: Anisotropic displacement parameters (Å2x 103) for (HNEt3)[(pydicOMe)CuCl3]. The 
anisotropic displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 
 U11 U22 U33 U23 U13 U12 
Cu(1) 35(1)  32(1) 37(1)  3(1) 5(1)  15(1) 
Cl(1) 44(1)  33(1) 70(1)  0(1) 10(1)  8(1) 
Cl(2) 49(1)  40(1) 52(1)  4(1) 19(1)  16(1) 
Cl(3) 47(1)  32(1) 74(1)  7(1) 15(1)  14(1) 
O(1) 37(2)  61(2) 41(2)  11(2) 5(2)  23(2) 
O(2) 88(3)  72(2) 45(2)  7(2) −4(2)  54(2) 
O(3) 61(3)  101(3) 52(2)  43(2) 18(2)  37(2) 
O(4) 48(2)  52(2) 72(3)  17(2) −7(2)  26(2) 
N(1) 32(2)  29(2) 35(2)  2(2) −1(2)  7(2) 
N(2) 49(3)  26(2) 35(2)  0(2) 2(2)  14(2) 
C(1) 38(3)  37(3) 37(3)  9(2) 2(2)  6(2) 
C(2) 29(3)  28(2) 41(3)  0(2) 0(2)  5(2) 
C(3) 35(3)  46(3) 46(3)  −5(2) 9(2)  11(2) 
C(4) 33(3)  45(3) 73(4)  −12(3) 15(3)  13(3) 
C(5) 31(3)  40(3) 67(4)  −7(3) −2(3)  14(2) 
C(6) 32(3)  28(2) 43(3)  −8(2) −7(2)  11(2) 
C(7) 30(3)  30(3) 62(4)  −6(2) −9(2)  5(2) 
C(8) 72(4)  71(4) 85(5)  28(3) −24(3)  26(3) 
C(9) 91(5)  140(6) 76(5)  68(4) 10(4)  57(5) 
C(10) 76(4)  63(3) 41(3)  12(3) 13(3)  39(3) 
C(11) 136(6)  104(5) 43(4)  −16(3) −25(4)  68(5) 
C(12) 40(3)  40(3) 43(3)  5(2) 9(2)  9(2) 
C(13) 54(4)  57(3) 82(4)  0(3) 18(3)  19(3) 
C(14) 45(3)  41(3) 56(3)  −6(2) 2(3)  10(2) 
C(15) 79(4)  62(4) 68(4)  −13(3) −28(3)  10(3) 
 
Table A13: Crystal data and structure refinement for LOMe2 
empirical formula  C19H17NO2  
formula weight  582.67  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  monoclinic  
space group  Cc (No. 9)  
unit cell dimensions a = 10.967(2) Å α = 90° 
 b = 22.772(6) Å β = 120.00(1)° 
 c = 7.160(2) Å γ = 90° 
volume 1548.7(6) Å3  
Z 2  
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density (calculated) 1.250 gcm−1  
absorption coefficient 0.081 mm−1  
F(000) 616  
crystal size 0.2 x 0.2 x 0.5 mm3  
theta range for data collection 1.79 to 27.30°.  
index ranges −14 < h < 14 
−29 < k < 29 
−8 < l < 9 
 
reflections collected 9221  
independent reflections 5783 [R(int) = 0.0401]  
data / restraints / parameters 5783 / 3 / 534  
Goodness−of−fit on F2 0.752  
final R indices [I>2sigma(I)] R1 = 0.0297, wR2 = 0.0455  
R indices (all data) R1 = 0.0890, wR2 = 0.0546  
absolute structure parameter −0.1(9)  
extinction coefficient 0.0112(4)  
largest diff. peak and hole 0.106 and −0.097 e.Å−3  
 
 
Table A14: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
LOMe2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
O(1) −9795(2) 3232(1) −3282(3) 66(1)
O(2) −4124(2) 997(1) −946(4) 81(1)
O(3) −9793(2) 2628(1) −8286(3) 66(1)
O(4) −4123(2) 4865(1) −5946(4) 82(1)
N(1) −7627(2) 1870(1) −3473(3) 46(1)
N(2) −7624(2) 3992(1) −8475(3) 46(1)
C(007) −8070(2) 2236(1) −2467(4) 45(1)
C(008) −8076(2) 3623(1) −7475(4) 45(1)
C(009) −6233(2) 4017(1) −7764(4) 47(1)
C(010) −5822(2) 1470(1) −4065(5) 51(1)
C(011) −10463(3) 3156(1) −8700(4) 51(1)
C(012) −6230(2) 1845(1) −2763(4) 47(1)
C(013) −5822(2) 4390(1) −9071(5) 51(1)
C(014) −9619(2) 2209(1) −3288(4) 49(1)
C(015) −10466(3) 2702(1) −3699(4) 52(1)
C(016) −10268(3) 1660(1) −3713(5) 62(1)
C(017) −9621(2) 3653(1) −8291(4) 48(1)
C(018) −11910(3) 3220(2) −9499(5) 64(1)
C(019) −4760(3) 4816(1) −8135(5) 61(1)
C(020) −5260(3) 2178(1) −1024(5) 55(1)
C(021) −10270(3) 4200(1) −8721(5) 61(1)
C(022) −11907(3) 2642(2) −4498(5) 65(1)
C(023) −5740(3) 3299(1) −5057(5) 59(1)
C(024) −7166(3) 2592(1) −791(5) 54(1)
C(025) −4459(4) 5160(1) −9479(7) 73(1)
C(026) −4451(3) 702(1) −4453(7) 72(1)
C(027) −5258(3) 3686(1) −6014(5) 56(1)
Katharina Butsch  11. Appendix 
C(028) −10629(4) 2107(2) −8791(7) 73(1)
C(029) −7163(3) 3266(1) −5787(5) 55(1)
C(030) −5741(3) 2560(1) −49(5) 58(1)
C(031) −10616(4) 3756(2) −3794(7) 75(1)
C(032) −12506(3) 3775(2) −9891(5) 71(1)
C(033) −6530(3) 1543(1) −6298(5) 60(1)
C(034) −4758(3) 1045(1) −3141(5) 63(1)
C(035) −6521(3) 4319(1) −11292(5) 59(1)
C(036) −11685(3) 4266(1) −9485(5) 70(1)
C(037) −12498(3) 2084(2) −4887(5) 74(1)
C(038) −11689(3) 1593(1) −4495(5) 70(1)
C(039) −6198(3) 4654(1) −12606(6) 70(1)
C(040) −6200(3) 1207(1) −7614(6) 71(1)
C(041) −5160(4) 5074(1) −11647(7) 79(1)
C(042) −5153(4) 785(1) −6646(7) 77(1)
C(043) −2966(5) 594(2) 143(9) 109(1)
C(044) −2962(6) 5267(2) −4864(10) 110(2)
 
 
Table A15: Bond lengths [Å] and angles [°] for LOMe2. 
O(1)−C(015)  1.366(3) C(013)−C(035)  1.387(4)
O(1)−C(031)  1.429(3) C(013)−C(019)  1.403(3)
O(2)−C(034)  1.368(3) C(014)−C(015)  1.392(3)
O(2)−C(043)  1.440(4) C(014)−C(016)  1.394(3)
O(3)−C(011)  1.364(3) C(015)−C(022)  1.392(4)
O(3)−C(028)  1.431(4) C(016)−C(038)  1.376(4)
O(4)−C(019)  1.364(3) C(017)−C(021)  1.391(3)
O(4)−C(044)  1.440(4) C(018)−C(032)  1.384(4)
N(1)−C(007)  1.342(3) C(019)−C(025)  1.402(4)
N(1)−C(012)  1.353(3) C(020)−C(030)  1.375(4)
N(2)−C(009)  1.346(3) C(021)−C(036)  1.371(4)
N(2)−C(008)  1.348(3) C(022)−C(037)  1.390(4)
C(007)−C(024)  1.376(3) C(023)−C(027)  1.374(4)
C(007)−C(014)  1.496(3) C(023)−C(029)  1.378(3)
C(008)−C(029)  1.384(3) C(024)−C(030)  1.378(3)
C(008)−C(017)  1.493(3) C(025)−C(041)  1.359(5)
C(009)−C(027)  1.393(3) C(026)−C(042)  1.373(5)
C(009)−C(013)  1.490(3) C(026)−C(034)  1.388(4)
C(010)−C(033)  1.395(4) C(032)−C(036)  1.372(4)
C(010)−C(034)  1.401(3) C(033)−C(040)  1.396(4)
C(010)−C(012)  1.488(3) C(035)−C(039)  1.388(4)
C(011)−C(017)  1.396(3) C(037)−C(038)  1.367(4)
C(011)−C(018)  1.399(3) C(039)−C(041)  1.380(5)
C(012)−C(020)  1.390(3) C(040)−C(042)  1.386(5)
     
C(015)−O(1)−C(031) 118.7(3) C(022)−C(015)−C(014) 120.6(3)
C(034)−O(2)−C(043) 118.5(3) C(038)−C(016)−C(014) 122.6(3)
C(011)−O(3)−C(028) 118.0(2) C(021)−C(017)−C(011) 117.9(2)
C(019)−O(4)−C(044) 118.5(3) C(021)−C(017)−C(008) 118.9(2)
C(007)−N(1)−C(012) 118.0(2) C(011)−C(017)−C(008) 123.2(2)
C(009)−N(2)−C(008) 118.2(2) C(032)−C(018)−C(011) 120.1(3)
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N(1)−C(007)−C(024) 122.6(2) O(4)−C(019)−C(025) 125.6(3)
N(1)−C(007)−C(014) 114.1(2) O(4)−C(019)−C(013) 115.5(3)
C(024)−C(007)−C(014) 123.3(2) C(025)−C(019)−C(013) 118.8(3)
N(2)−C(008)−C(029) 122.2(2) C(030)−C(020)−C(012) 119.0(2)
N(2)−C(008)−C(017) 114.2(2) C(036)−C(021)−C(017) 122.5(3)
C(029)−C(008)−C(017) 123.5(2) C(037)−C(022)−C(015) 119.4(3)
N(2)−C(009)−C(027) 122.2(2) C(027)−C(023)−C(029) 119.4(3)
N(2)−C(009)−C(013) 115.3(2) C(007)−C(024)−C(030) 119.2(3)
C(027)−C(009)−C(013) 122.4(2) C(041)−C(025)−C(019) 120.8(3)
C(033)−C(010)−C(034) 118.6(3) C(042)−C(026)−C(034) 120.6(3)
C(033)−C(010)−C(012) 118.7(2) C(023)−C(027)−C(009) 118.8(2)
C(034)−C(010)−C(012) 122.7(3) C(023)−C(029)−C(008) 119.1(3)
O(3)−C(011)−C(017) 116.2(2) C(020)−C(030)−C(024) 119.2(3)
O(3)−C(011)−C(018) 124.0(2) C(036)−C(032)−C(018) 120.5(3)
C(017)−C(011)−C(018) 119.8(2) C(010)−C(033)−C(040) 121.6(3)
N(1)−C(012)−C(020) 121.9(2) O(2)−C(034)−C(026) 125.2(3)
N(1)−C(012)−C(010) 115.3(2) O(2)−C(034)−C(010) 115.0(2)
C(020)−C(012)−C(010) 122.7(2) C(026)−C(034)−C(010) 119.7(3)
C(035)−C(013)−C(019) 118.6(3) C(013)−C(035)−C(039) 122.1(3)
C(035)−C(013)−C(009) 119.1(2) C(021)−C(036)−C(032) 119.2(3)
C(019)−C(013)−C(009) 122.2(3) C(038)−C(037)−C(022) 121.1(3)
C(015)−C(014)−C(016) 117.6(2) C(037)−C(038)−C(016) 118.7(3)
C(015)−C(014)−C(007) 123.8(2) C(041)−C(039)−C(035) 118.1(4)
C(016)−C(014)−C(007) 118.6(2) C(042)−C(040)−C(033) 118.1(4)
O(1)−C(015)−C(022) 123.6(2) C(025)−C(041)−C(039) 121.5(3)
O(1)−C(015)−C(014) 115.9(2) C(026)−C(042)−C(040) 121.3(3)
 
 
Table A16: Anisotropic displacement parameters (Å2x 103)for LOMe2. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 
O(1) 57(1)  49(1) 84(2)  1(1) 30(1)  13(1) 
O(2) 79(1)  74(1) 92(2)  12(1) 43(1)  37(1) 
O(3) 58(1)  50(1) 83(2)  −2(1) 30(1)  −12(1) 
O(4) 77(1)  76(1) 92(2)  −12(1) 43(1)  −37(1) 
N(1) 43(1)  41(1) 56(1)  1(1) 26(1)  2(1) 
N(2) 41(1)  42(1) 60(1)  −1(1) 28(1)  −2(1) 
C(007) 43(1)  41(1) 50(2)  0(1) 24(1)  5(1) 
C(008) 44(1)  41(1) 54(2)  −2(1) 27(1)  −4(1) 
C(009) 43(2)  38(1) 66(2)  0(1) 31(1)  −1(1) 
C(010) 43(1)  42(2) 72(2)  −4(1) 33(2)  −2(1) 
C(011) 49(2)  52(2) 54(2)  −2(1) 26(1)  −4(1) 
C(012) 43(2)  36(1) 64(2)  4(1) 29(1)  1(1) 
C(013) 48(1)  40(1) 73(2)  3(1) 36(2)  3(1) 
C(014) 43(1)  49(2) 60(2)  −1(1) 30(1)  1(1) 
C(015) 47(2)  53(2) 57(2)  3(1) 25(1)  6(1) 
C(016) 53(2)  59(2) 78(2)  1(2) 36(2)  1(1) 
C(017) 44(1)  47(2) 57(2)  −1(1) 28(1)  −2(1) 
C(018) 45(2)  81(2) 64(2)  −5(2) 25(2)  −16(2) 
C(019) 52(2)  57(2) 84(3)  2(2) 41(2)  −1(1) 
Katharina Butsch  11. Appendix 
C(020) 43(2)  50(2) 69(2)  2(1) 26(2)  4(1) 
C(021) 51(2)  60(2) 77(2)  3(2) 36(2)  1(2) 
C(022) 45(2)  83(2) 64(2)  4(2) 26(2)  15(2) 
C(023) 48(2)  51(2) 68(2)  11(2) 21(2)  1(1) 
C(024) 52(2)  52(2) 56(2)  −2(1) 26(2)  7(1) 
C(025) 65(2)  55(2) 120(3)  7(2) 62(2)  −5(2) 
C(026) 62(2)  57(2) 117(3)  −7(2) 60(2)  6(2) 
C(027) 44(2)  49(2) 71(2)  2(1) 25(2)  −1(1) 
C(028) 77(2)  55(2) 71(3)  0(2) 25(2)  −20(2) 
C(029) 50(2)  54(2) 59(2)  5(2) 26(2)  −7(1) 
C(030) 48(2)  47(2) 70(2)  −8(1) 22(2)  −1(1) 
C(031) 78(2)  58(2) 79(3)  4(2) 32(2)  27(2) 
C(032) 46(2)  96(3) 71(2)  −2(2) 28(2)  3(2) 
C(033) 59(2)  52(2) 76(2)  −8(2) 40(2)  −8(1) 
C(034) 52(2)  56(2) 88(3)  −2(2) 41(2)  4(1) 
C(035) 63(2)  51(2) 74(2)  7(2) 42(2)  7(1) 
C(036) 50(2)  77(2) 83(2)  −4(2) 34(2)  9(2) 
C(037) 47(2)  98(3) 73(2)  5(2) 28(2)  −6(2) 
C(038) 51(2)  75(2) 85(2)  −2(2) 34(2)  −9(2) 
C(039) 79(2)  58(2) 89(3)  13(2) 55(2)  10(2) 
C(040) 80(2)  63(2) 88(3)  −14(2) 56(2)  −10(2) 
C(041) 89(3)  68(2) 108(3)  25(2) 70(3)  17(2) 
C(042) 85(2)  63(2) 109(3)  −24(2) 67(2)  −14(2) 
C(043) 99(3)  112(3) 110(4)  24(3) 48(3)  57(3) 
C(044) 104(3)  113(4) 111(4)  −29(3) 52(3)  −60(3) 
 
Table A17: Crystal data and structure refinement for LOMe4 
empirical formula  C21H21NO4  
formula weight  351.39  
temperature  298(2) K  
wavelength  0.71073 Å  
crystal system  orthorhombic  
space group  P212121  
unit cell dimensions a = 7.043(1) Å α = 90° 
 b = 14.222(3) Å β = 90° 
 c = 18.580(4) Å γ = 90° 
Volume 1861.1(6) Å3  
Z 4  
density (calculated) 1.254 gcm−1  
absorption coefficient 0.087 mm−1  
F(000) 744  
crystal size 0.4 x 0.5 x 0.7 mm3  
theta range for data collection 1.80 to 27.00°.  
index ranges −7 < h < 8 
−18 < k < 18 
−23 < l < 23 
 
reflections collected 29269  
independent reflections 2326 [R(int) = 0.1248]  
data / restraints / parameters 2326 / 0 / 249  
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Flack x −1.6441  
Goodness−of−fit on F2 0.755  
final R indices [I>2sigma(I)] R1 = 0.0349, wR2 = 0.0595  
R indices (all data) R1 = 0.1147, wR2 = 0.0738  
absolute structure parameter −1.6(19)  
largest diff. peak and hole 0.106 and −0.134 e.Å−3  
 
 
Table A18: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for  
LOMe4. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
O(1) 7589(4) 4631(2) 2750(1) 88(1)
O(2) 1933(4) 6271(2) 3495(1) 90(1)
O(3) 7572(4) −341(2) 3440(1) 83(1)
O(4) 2181(4) −1631(2) 4589(1) 94(1)
N(1) 5809(4) 2298(2) 3836(1) 61(1)
C(1) 5947(5) 4704(2) 3151(2) 65(1)
C(2) 4747(5) 5472(2) 3096(2) 68(1)
C(3) 3150(5) 5512(2) 3514(2) 66(1)
C(5) 2699(5) 4792(2) 3988(2) 69(1)
C(6) 3886(5) 4025(2) 4019(2) 65(1)
C(7) 5546(5) 3952(2) 3610(2) 59(1)
C(8) 6768(5) 3103(2) 3696(2) 62(1)
C(9) 6795(5) 1504(2) 3962(2) 62(1)
C(10) 5630(5) 668(2) 4132(2) 58(1)
C(11) 6007(5) −240(2) 3873(2) 65(1)
C(12) 7826(6) −1225(2) 3076(2) 104(1)
C(13) 4816(5) −982(2) 4037(2) 74(1)
C(14) 3239(5) −840(2) 4467(2) 69(1)
C(15) 501(6) −1540(3) 5007(2) 114(2)
C(16) 2827(5) 35(2) 4741(2) 65(1)
C(17) 4022(5) 771(2) 4557(2) 61(1)
C(18) 8768(5) 1490(3) 3948(2) 71(1)
C(19) 9734(5) 2313(3) 3810(2) 77(1)
C(20) 8736(5) 3124(3) 3673(2) 72(1)
C(21) 8154(5) 5430(3) 2332(2) 98(1)
C(4) 2248(8) 7022(3) 3037(3) 104(2)
C(4A) 490(20) 6371(9) 3910(8) 77(4)
 
 
Table A19: Bond lengths [Å] and angles [°] for LOMe4 
O(1)−C(1)  1.379(4) C(12)−H(12A)  0.9600
O(1)−C(21)  1.433(3) C(12)−H(12B)  0.9600
O(2)−C(4A)  1.283(1) C(12)−H(12C)  0.9600
O(2)−C(3)  1.378(4) C(13)−C(14)  1.384(4)
O(2)−C(4)  1.384(5) C(13)−H(13)  0.9300
O(3)−C(11)  1.372(4) C(14)−C(16)  1.376(4)
O(3)−C(12)  1.439(3) C(15)−H(15A)  0.9600
O(4)−C(14)  1.368(4) C(15)−H(15B)  0.9600
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O(4)−C(15)  1.421(4) C(15)−H(15C)  0.9600
N(1)−C(9)  1.347(3) C(16)−C(17)  1.385(4)
N(1)−C(8)  1.354(4) C(16)−H(16)  0.9300
C(1)−C(2)  1.386(4) C(17)−H(17)  0.9300
C(1)−C(7)  1.398(4) C(18)−C(19)  1.378(5)
C(2)−C(3)  1.368(4) C(18)−H(18)  0.9300
C(2)−H(2)  0.9300 C(19)−C(20)  1.374(5)
C(3)−C(5)  1.387(4) C(19)−H(19)  0.9300
C(5)−C(6)  1.375(4) C(20)−H(20)  0.9300
C(5)−H(5)  0.9300 C(21)−H(21A)  0.9600
C(6)−C(7)  1.398(4) C(21)−H(21B)  0.9600
C(6)−H(6)  0.9300 C(21)−H(21C)  0.9600
C(7)−C(8)  1.491(4) C(4)−H(4A)  0.9600
C(8)−C(20)  1.387(4) C(4)−H(4B)  0.9600
C(9)−C(18)  1.390(4) C(4)−H(4C)  0.9600
C(9)−C(10)  1.479(4) C(4A)−H(4D)  0.9600
C(10)−C(17)  1.389(4) C(4A)−H(4E)  0.9600
C(10)−C(11)  1.403(4) C(4A)−H(4F)  0.9600
C(11)−C(13)  1.381(5)
     
C(1)−O(1)−C(21) 117.8(3) C(11)−C(13)−H(13) 119.9
C(4A)−O(2)−C(3) 124.3(7) C(14)−C(13)−H(13) 119.9
C(4A)−O(2)−C(4) 114.2(7) O(4)−C(14)−C(16) 124.6(3)
C(3)−O(2)−C(4) 121.4(4) O(4)−C(14)−C(13) 114.4(3)
C(11)−O(3)−C(12) 117.8(3) C(16)−C(14)−C(13) 121.0(3)
C(14)−O(4)−C(15) 117.9(3) O(4)−C(15)−H(15A) 109.5
C(9)−N(1)−C(8) 119.1(3) O(4)−C(15)−H(15B) 109.5
O(1)−C(1)−C(2) 122.1(3) H(15A)−C(15)−H(15B) 109.5
O(1)−C(1)−C(7) 116.2(3) O(4)−C(15)−H(15C) 109.5
C(2)−C(1)−C(7) 121.7(3) H(15A)−C(15)−H(15C) 109.5
C(3)−C(2)−C(1) 119.5(3) H(15B)−C(15)−H(15C) 109.5
C(3)−C(2)−H(2) 120.2 C(14)−C(16)−C(17) 117.7(3)
C(1)−C(2)−H(2) 120.2 C(14)−C(16)−H(16) 121.2
C(2)−C(3)−O(2) 121.9(3) C(17)−C(16)−H(16) 121.2
C(2)−C(3)−C(5) 121.2(3) C(16)−C(17)−C(10) 123.8(3)
O(2)−C(3)−C(5) 116.8(3) C(16)−C(17)−H(17) 118.1
C(6)−C(5)−C(3) 118.2(3) C(10)−C(17)−H(17) 118.1
C(6)−C(5)−H(5) 120.9 C(19)−C(18)−C(9) 119.0(4)
C(3)−C(5)−H(5) 120.9 C(19)−C(18)−H(18) 120.5
C(5)−C(6)−C(7) 123.1(3) C(9)−C(18)−H(18) 120.5
C(5)−C(6)−H(6) 118.5 C(20)−C(19)−C(18) 119.7(3)
C(7)−C(6)−H(6) 118.5 C(20)−C(19)−H(19) 120.2
C(1)−C(7)−C(6) 116.3(3) C(18)−C(19)−H(19) 120.2
C(1)−C(7)−C(8) 124.6(3) C(19)−C(20)−C(8) 119.2(4)
C(6)−C(7)−C(8) 119.1(3) C(19)−C(20)−H(20) 120.4
N(1)−C(8)−C(20) 121.5(3) C(8)−C(20)−H(20) 120.4
N(1)−C(8)−C(7) 114.6(3) O(1)−C(21)−H(21A) 109.5
C(20)−C(8)−C(7) 123.8(3) O(1)−C(21)−H(21B) 109.5
N(1)−C(9)−C(18) 121.6(4) H(21A)−C(21)−H(21B) 109.5
N(1)−C(9)−C(10) 115.2(3) O(1)−C(21)−H(21C) 109.5
C(18)−C(9)−C(10) 123.2(4) H(21A)−C(21)−H(21C) 109.5
C(17)−C(10)−C(11) 116.5(3) H(21B)−C(21)−H(21C) 109.5
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C(17)−C(10)−C(9) 119.3(3) O(2)−C(4)−H(4A) 109.5
C(11)−C(10)−C(9) 124.2(3) O(2)−C(4)−H(4B) 109.5
O(3)−C(11)−C(13) 122.5(3) H(4A)−C(4)−H(4B) 109.5
O(3)−C(11)−C(10) 116.7(3) O(2)−C(4)−H(4C) 109.5
C(13)−C(11)−C(10) 120.8(3) H(4A)−C(4)−H(4C) 109.5
O(3)−C(12)−H(12A) 109.5 H(4B)−C(4)−H(4C) 109.5
O(3)−C(12)−H(12B) 109.5 O(2)−C(4A)−H(4D) 109.5
H(12A)−C(12)−H(12B) 109.5 O(2)−C(4A)−H(4E) 109.5
O(3)−C(12)−H(12C) 109.5 H(4D)−C(4A)−H(4E) 109.5
H(12A)−C(12)−H(12C) 109.5 O(2)−C(4A)−H(4F) 109.5
H(12B)−C(12)−H(12C) 109.5 H(4D)−C(4A)−H(4F) 109.5
C(11)−C(13)−C(14) 120.2(3) H(4E)−C(4A)−H(4F) 109.5
 
 
Table A20: Anisotropic displacement parameters (Å2x 103) for LOMe4. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 
O(1) 80(2)  94(2) 90(2)  21(1) 31(2)  7(2) 
O(2) 99(2)  71(2) 99(2)  10(2) 7(2)  9(2) 
O(3) 82(2)  74(2) 94(2)  −6(1) 32(2)  16(2) 
O(4) 103(2)  66(2) 112(2)  7(1) 32(2)  −6(2) 
N(1) 58(2)  64(2) 61(2)  −1(1) 0(2)  0(2) 
C(1) 62(2)  66(2) 66(2)  −2(2) 12(2)  −5(2) 
C(2) 71(3)  64(2) 69(2)  5(2) 8(2)  −7(2) 
C(3) 67(2)  59(2) 73(2)  −4(2) 3(2)  −1(2) 
C(5) 65(2)  65(2) 77(2)  0(2) 10(2)  −3(2) 
C(6) 64(2)  61(2) 68(2)  1(2) 5(2)  −12(2) 
C(7) 60(2)  55(2) 61(2)  −1(2) 1(2)  −7(2) 
C(8) 63(2)  64(2) 60(2)  −1(2) 0(2)  −5(2) 
C(9) 61(2)  67(2) 57(2)  −3(2) −1(2)  10(2) 
C(10) 56(2)  54(2) 62(2)  1(2) −1(2)  8(2) 
C(11) 66(2)  67(2) 64(2)  5(2) 12(2)  12(2) 
C(12) 124(4)  80(3) 109(3)  −14(2) 42(3)  30(3) 
C(13) 87(3)  55(2) 80(2)  4(2) 14(2)  22(2) 
C(14) 78(3)  60(2) 70(2)  10(2) 13(2)  4(2) 
C(15) 98(3)  105(3) 139(4)  19(3) 37(3)  −18(3) 
C(16) 65(2)  67(2) 64(2)  1(2) 10(2)  12(2) 
C(17) 61(2)  65(2) 58(2)  −2(2) 2(2)  12(2) 
C(18) 59(2)  81(3) 74(3)  −4(2) −4(2)  12(2) 
C(19) 53(2)  94(3) 84(3)  −9(2) −7(2)  −5(2) 
C(20) 57(2)  78(3) 79(3)  −7(2) −4(2)  −11(2) 
C(21) 83(3)  119(3) 93(3)  35(3) 21(2)  −7(3) 
C(4) 120(5)  87(4) 104(4)  12(3) −4(4)  9(4) 
C(4A) 65(10)  69(9) 97(11)  2(8) 23(10)  22(8) 
 
Table A21: Crystal data and structure refinement for [Fe(opo)3] 
empirical formula  C39H21FeO6  
formula weight  641.41  
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temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 13.282(3) Å α = 98.47(2)° 
 b = 16.451(3) Å β = 103.63(2)° 
 c = 25.214(4) Å γ = 112.28(2)° 
volume 4779(2) Å3  
Z 6  
density (calculated) 1.337 gcm−1  
absorption coefficient 0.521 mm−1  
F(000) 1974  
crystal size 0.4 x 0.4 x 0.6 mm3  
theta range for data collection 2.49 to 28.21°.  
index ranges −17 < h < 17 
−21 < k < 21 
−32 < l < 33 
 
reflections collected 46307  
independent reflections 21537 [R(int) = 0.3605]  
data / restraints / parameters 21537 / 0 / 1243  
Goodness−of−fit on F2 0.630  
final R indices [I>2sigma(I)] R1 = 0.0965, wR2 = 0.2491  
R indices (all data) R1 = 0.4443, wR2 = 0.3747  
largest diff. peak and hole 1.620 and −0.492 e.Å−3  
 
 
Table A22: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Fe(opo)3]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Fe(1) 11397(2) −442(2) 2714(1) 67(1)
Fe(2) 9081(2) 2386(2) 1295(1) 80(1)
Fe(3) 6914(2) 4629(2) 3832(1) 80(1)
O(1) 11261(10) 195(8) 3392(5) 86(4)
O(2) 10120(10) −219(7) 2272(5) 73(3)
O(3) 12617(9) 660(6) 2648(5) 69(3)
O(4) 11464(9) −1106(7) 2012(5) 76(3)
O(5) 12618(9) −706(8) 3172(5) 86(4)
O(6) 10302(8) −1622(8) 2762(5) 69(3)
O(7) 10309(9) 2240(8) 1839(6) 82(4)
O(8) 8450(9) 2495(8) 1930(6) 78(3)
O(9) 9996(10) 3733(8) 1520(5) 84(4)
O(10) 7841(10) 2594(9) 787(5) 87(4)
O(11) 9787(9) 2268(10) 686(6) 86(4)
O(12) 8097(10) 1069(9) 979(6) 84(4)
O(13) 6358(10) 3320(8) 3842(5) 77(3)
O(14) 6721(10) 4858(7) 4583(5) 79(3)
O(15) 5329(10) 4448(8) 3494(5) 76(4)
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O(16) 6960(10) 4306(8) 3040(6) 87(4)
O(17) 7441(11) 5940(8) 3863(5) 86(4)
O(18) 8519(11) 4885(9) 4143(5) 87(4)
C(1) 9423(16) 27(11) 2457(10) 68(5)
C(2) 8543(18) 50(11) 2019(9) 85(6)
C(3) 7709(19) 244(15) 2134(13) 113(8)
C(4) 7650(20) 415(12) 2702(15) 106(8)
C(5) 6730(20) 557(16) 2861(16) 134(11)
C(6) 6810(40) 680(20) 3431(19) 155(15)
C(7) 7690(30) 730(20) 3840(16) 153(13)
C(8) 8610(30) 632(14) 3733(17) 118(11)
C(9) 9590(30) 689(17) 4152(12) 134(11)
C(10) 10410(20) 576(14) 4004(13) 118(10)
C(11) 10436(19) 311(11) 3459(9) 65(5)
C(12) 9464(17) 232(10) 3026(11) 71(5)
C(13) 8554(17) 415(12) 3152(12) 89(7)
C(14) 13236(12) 733(11) 2334(8) 57(4)
C(15) 14150(15) 1637(11) 2439(7) 70(5)
C(16) 14876(17) 1811(13) 2131(10) 84(6)
C(17) 14722(17) 1142(19) 1703(11) 79(7)
C(18) 15500(40) 1420(30) 1441(14) 220(30)
C(19) 15421(14) 900(20) 1069(16) 169(16)
C(20) 14500(20) −184(18) 759(7) 118(9)
C(21) 13740(15) −426(13) 1081(8) 64(5)
C(22) 12844(16) −1284(15) 961(7) 81(6)
C(23) 12120(14) −1490(12) 1288(9) 75(5)
C(24) 12227(14) −825(12) 1745(8) 64(5)
C(25) 13119(12) 52(10) 1878(7) 50(4)
C(26) 13823(12) 213(12) 1527(8) 57(5)
C(27) 12575(16) −1524(13) 3215(8) 76(5)
C(28) 13655(15) −1520(12) 3411(9) 92(7)
C(29) 13703(17) −2299(15) 3451(9) 100(7)
C(30) 12701(18) −3102(12) 3362(8) 80(6)
C(31) 12789(18) −3893(17) 3450(10) 108(7)
C(32) 11830(30) −4691(16) 3355(10) 108(8)
C(33) 10760(20) −4708(14) 3184(9) 103(7)
C(34) 10654(17) −3886(13) 3092(7) 69(5)
C(35) 9598(17) −3872(12) 2924(8) 82(6)
C(36) 9479(13) −3139(12) 2791(7) 69(5)
C(37) 10482(14) −2282(12) 2870(7) 65(5)
C(38) 11543(13) −2313(11) 3087(7) 57(4)
C(39) 11669(16) −3092(12) 3180(7) 63(5)
C(40) 10544(17) 2325(11) 2379(9) 76(6)
C(41) 11530(14) 2177(11) 2655(8) 64(5)
C(42) 11888(14) 2343(12) 3225(9) 83(6)
C(43) 11327(19) 2645(10) 3576(10) 75(6)
C(44) 11761(17) 2823(13) 4155(8) 85(6)
C(45) 11210(20) 3089(13) 4471(9) 102(7)
C(46) 10170(20) 3128(13) 4201(14) 104(8)
C(47) 9730(20) 2967(12) 3629(10) 79(6)
C(48) 8700(20) 3003(11) 3365(11) 84(6)
C(49) 8287(16) 2839(12) 2812(10) 77(6)
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C(50) 8897(17) 2646(11) 2477(10) 77(5)
C(51) 9959(13) 2571(9) 2705(7) 44(4)
C(52) 10310(15) 2727(10) 3285(8) 58(5)
C(53) 9696(13) 4334(15) 1429(7) 67(5)
C(54) 10466(17) 5297(18) 1729(8) 95(7)
C(55) 10252(18) 6068(18) 1690(9) 109(8)
C(56) 9260(20) 5960(15) 1297(10) 96(7)
C(57) 8910(30) 6701(15) 1219(12) 124(9)
C(58) 7880(30) 6540(20) 846(12) 140(11)
C(59) 7180(20) 5700(20) 545(10) 113(8)
C(60) 7400(20) 4902(18) 593(10) 94(7)
C(61) 6566(18) 3970(20) 252(8) 99(7)
C(62) 6771(16) 3235(17) 321(8) 96(7)
C(63) 7773(15) 3308(16) 745(8) 79(6)
C(64) 8627(17) 4217(14) 1039(8) 78(6)
C(65) 8410(17) 5044(18) 1003(8) 87(7)
C(66) 9525(16) 1554(16) 274(8) 72(5)
C(67) 10189(15) 1690(18) −123(10) 98(7)
C(68) 9960(20) 970(20) −536(9) 97(7)
C(69) 9125(19) 119(17) −642(10) 83(6)
C(70) 8990(20) −560(20) −1073(9) 85(6)
C(71) 8130(20) −1390(20) −1180(10) 111(8)
C(72) 7460(17) −1531(19) −810(12) 109(9)
C(73) 7710(30) −800(20) −372(10) 106(10)
C(74) 7016(18) −1040(13) −22(11) 96(7)
C(75) 7159(17) −408(18) 420(9) 98(7)
C(76) 8007(14) 484(13) 547(9) 71(5)
C(77) 8659(14) 695(14) 176(8) 62(5)
C(78) 8505(17) 54(17) −261(10) 77(6)
C(79) 5677(14) 2935(13) 4101(9) 70(5)
C(80) 5059(18) 1952(15) 3906(8) 85(6)
C(81) 4363(18) 1471(14) 4180(12) 103(7)
C(82) 4206(18) 1887(18) 4640(11) 88(6)
C(83) 3470(20) 1360(20) 4878(15) 141(11)
C(84) 3280(20) 1740(20) 5359(16) 142(12)
C(85) 3836(18) 2660(20) 5549(10) 118(8)
C(86) 4604(15) 3244(15) 5302(9) 75(5)
C(87) 5208(16) 4239(14) 5541(8) 78(5)
C(88) 5928(15) 4703(12) 5305(7) 64(5)
C(89) 6086(14) 4328(12) 4804(8) 63(5)
C(90) 5510(13) 3359(12) 4564(8) 58(4)
C(91) 4754(16) 2842(15) 4843(9) 71(5)
C(92) 4762(15) 4333(10) 2975(10) 67(5)
C(93) 3658(15) 4300(11) 2889(9) 71(5)
C(94) 3004(19) 4187(12) 2358(11) 96(7)
C(95) 3346(15) 4118(12) 1889(10) 85(6)
C(96) 2718(18) 3990(15) 1310(12) 114(8)
C(97) 3180(20) 3970(19) 867(12) 150(11)
C(98) 4230(20) 3986(16) 962(10) 121(8)
C(99) 4884(16) 4072(13) 1495(10) 89(6)
C(100) 6024(17) 4086(13) 1578(9) 91(6)
C(101) 6680(15) 4147(12) 2102(8) 75(5)
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C(102) 6255(15) 4247(11) 2557(8) 66(5)
C(103) 5157(13) 4253(10) 2512(8) 55(4)
C(104) 4474(15) 4153(12) 1950(9) 76(5)
C(105) 8489(18) 6594(15) 4015(8) 77(5)
C(106) 8584(17) 7476(13) 3926(8) 79(6)
C(107) 9607(18) 8169(13) 4064(8) 85(6)
C(108) 10645(18) 8099(15) 4287(8) 81(6)
C(109) 11730(20) 8822(15) 4416(10) 116(8)
C(110) 12690(20) 8741(17) 4620(10) 133(10)
C(111) 12626(17) 7917(17) 4710(9) 102(7)
C(112) 11602(16) 7200(15) 4606(7) 74(5)
C(113) 11551(19) 6325(18) 4692(8) 96(7)
C(114) 10514(19) 5586(15) 4514(8) 88(6)
C(115) 9414(18) 5596(14) 4278(7) 65(5)
C(116) 9504(14) 6477(13) 4239(7) 62(5)
C(117) 10587(16) 7279(13) 4389(7) 69(5)
 
 
Table A23: Bond lengths [Å] and angles [°] for [Fe(opo)3] 
Fe(1)−O(1)  1.95(1) C(43)−C(52)  1.44(2)
Fe(1)−O(4)  1.98(1) C(44)−C(45)  1.33(3)
Fe(1)−O(6)  1.98(1) C(45)−C(46)  1.43(3)
Fe(1)−O(3)  1.98(1) C(46)−C(47)  1.37(3)
Fe(1)−O(5)  1.99(1) C(47)−C(52)  1.39(2)
Fe(1)−O(2)  1.99(1) C(47)−C(48)  1.40(3)
Fe(2)−O(12)  1.97(1) C(48)−C(49)  1.32(2)
Fe(2)−O(7)  1.98(1) C(49)−C(50)  1.38(2)
Fe(2)−O(8)  1.99(1) C(50)−C(51)  1.45(2)
Fe(2)−O(9)  1.99(1) C(51)−C(52)  1.38(2)
Fe(2)−O(11)  2.00(1) C(53)−C(64)  1.45(2)
Fe(2)−O(10)  2.01(1) C(53)−C(54)  1.48(3)
Fe(3)−O(18)  1.94(1) C(54)−C(55)  1.41(3)
Fe(3)−O(15)  1.96(1) C(55)−C(56)  1.39(3)
Fe(3)−O(14)  1.97(1) C(56)−C(65)  1.44(3)
Fe(3)−O(17)  1.98(1) C(56)−C(57)  1.48(3)
Fe(3)−O(13)  2.00(1) C(57)−C(58)  1.37(3)
Fe(3)−O(16)  2.01(1) C(58)−C(59)  1.32(3)
O(1)−C(11)  1.23(2) C(59)−C(60)  1.46(3)
O(2)−C(1)  1.29(2) C(60)−C(65)  1.40(3)
O(3)−C(14)  1.26(2) C(60)−C(61)  1.48(3)
O(4)−C(24)  1.36(2) C(61)−C(62)  1.36(3)
O(5)−C(27)  1.35(2) C(62)−C(63)  1.45(3)
O(6)−C(37)  1.25(2) C(63)−C(64)  1.44(2)
O(7)−C(40)  1.30(2) C(64)−C(65)  1.50(3)
O(8)−C(50)  1.31(2) C(66)−C(77)  1.38(2)
O(9)−C(53)  1.23(2) C(66)−C(67)  1.47(2)
O(10)−C(63)  1.23(2) C(67)−C(68)  1.34(3)
O(11)−C(66)  1.32(2) C(68)−C(69)  1.35(3)
O(12)−C(76)  1.29(2) C(69)−C(70)  1.36(3)
O(13)−C(79)  1.27(2) C(69)−C(78)  1.40(3)
O(14)−C(89)  1.26(2) C(70)−C(71)  1.35(3)
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O(15)−C(92)  1.29(2) C(71)−C(72)  1.42(3)
O(16)−C(102)  1.31(2) C(72)−C(73)  1.39(3)
O(17)−C(105)  1.32(2) C(73)−C(78)  1.33(3)
O(18)−C(115)  1.24(2) C(73)−C(74)  1.41(3)
C(1)−C(12)  1.41(2) C(74)−C(75)  1.33(3)
C(1)−C(2)  1.42(2) C(75)−C(76)  1.40(2)
C(2)−C(3)  1.34(2) C(76)−C(77)  1.41(2)
C(3)−C(4)  1.44(3) C(77)−C(78)  1.33(2)
C(4)−C(13)  1.44(3) C(79)−C(90)  1.38(2)
C(4)−C(5)  1.46(3) C(79)−C(80)  1.45(2)
C(5)−C(6)  1.40(4) C(80)−C(81)  1.37(3)
C(6)−C(7)  1.33(4) C(81)−C(82)  1.36(3)
C(7)−C(8)  1.37(4) C(82)−C(83)  1.36(3)
C(8)−C(9)  1.43(3) C(82)−C(91)  1.41(3)
C(8)−C(13)  1.43(3) C(83)−C(84)  1.40(4)
C(9)−C(10)  1.31(3) C(84)−C(85)  1.36(3)
C(10)−C(11)  1.39(3) C(85)−C(86)  1.44(3)
C(11)−C(12)  1.43(3) C(86)−C(91)  1.34(2)
C(12)−C(13)  1.44(2) C(86)−C(87)  1.47(2)
C(14)−C(25)  1.42(2) C(87)−C(88)  1.30(2)
C(14)−C(15)  1.46(2) C(88)−C(89)  1.42(2)
C(15)−C(16)  1.35(2) C(89)−C(90)  1.44(2)
C(16)−C(17)  1.34(3) C(90)−C(91)  1.44(2)
C(17)−C(18)  1.33(5) C(92)−C(103)  1.40(2)
C(17)−C(26)  1.46(3) C(92)−C(93)  1.41(2)
C(18)−C(19)  1.13(5) C(93)−C(94)  1.36(2)
C(19)−C(20)  1.67(4) C(94)−C(95)  1.37(2)
C(20)−C(21)  1.42(2) C(95)−C(96)  1.44(3)
C(21)−C(26)  1.37(2) C(95)−C(104)  1.45(2)
C(21)−C(22)  1.39(2) C(96)−C(97)  1.39(3)
C(22)−C(23)  1.39(2) C(97)−C(98)  1.35(3)
C(23)−C(24)  1.41(2) C(98)−C(99)  1.37(3)
C(24)−C(25)  1.40(2) C(99)−C(104)  1.39(2)
C(25)−C(26)  1.41(2) C(99)−C(100)  1.47(2)
C(27)−C(28)  1.40(2) C(100)−C(101)  1.37(2)
C(27)−C(38)  1.41(2) C(101)−C(102)  1.41(2)
C(28)−C(29)  1.33(2) C(102)−C(103)  1.44(2)
C(29)−C(30)  1.42(2) C(103)−C(104)  1.44(2)
C(30)−C(39)  1.35(2) C(105)−C(116)  1.43(2)
C(30)−C(31)  1.39(2) C(105)−C(106)  1.46(2)
C(31)−C(32)  1.38(3) C(106)−C(107)  1.32(2)
C(32)−C(33)  1.38(3) C(107)−C(108)  1.41(2)
C(33)−C(34)  1.46(2) C(108)−C(117)  1.39(2)
C(34)−C(35)  1.38(2) C(108)−C(109)  1.40(2)
C(34)−C(39)  1.42(2) C(109)−C(110)  1.32(3)
C(35)−C(36)  1.35(2) C(110)−C(111)  1.38(3)
C(36)−C(37)  1.47(2) C(111)−C(112)  1.35(2)
C(37)−C(38)  1.41(2) C(112)−C(117)  1.39(2)
C(38)−C(39)  1.40(2) C(112)−C(113)  1.47(2)
C(40)−C(51)  1.37(2) C(113)−C(114)  1.36(2)
C(40)−C(41)  1.46(2) C(114)−C(115)  1.45(2)
C(41)−C(42)  1.35(2) C(115)−C(116)  1.43(2)
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C(42)−C(43)  1.43(2) C(116)−C(117)  1.45(2)
C(43)−C(44)  1.38(2)  
     
O(1)−Fe(1)−O(4) 177.6(5) C(44)−C(43)−C(52) 124.4(18)
O(1)−Fe(1)−O(6) 90.9(5) C(42)−C(43)−C(52) 116.0(18)
O(4)−Fe(1)−O(6) 87.9(5) C(45)−C(44)−C(43) 118(2)
O(1)−Fe(1)−O(3) 94.3(5) C(44)−C(45)−C(46) 119(2)
O(4)−Fe(1)−O(3) 87.2(4) C(47)−C(46)−C(45) 123(2)
O(6)−Fe(1)−O(3) 172.7(5) C(46)−C(47)−C(52) 120(2)
O(1)−Fe(1)−O(5) 91.8(5) C(46)−C(47)−C(48) 123(2)
O(4)−Fe(1)−O(5) 90.3(5) C(52)−C(47)−C(48) 118(2)
O(6)−Fe(1)−O(5) 86.1(4) C(49)−C(48)−C(47) 122.4(18)
O(3)−Fe(1)−O(5) 88.5(5) C(48)−C(49)−C(50) 119(2)
O(1)−Fe(1)−O(2) 87.0(5) O(8)−C(50)−C(49) 117(2)
O(4)−Fe(1)−O(2) 90.9(5) O(8)−C(50)−C(51) 120(2)
O(6)−Fe(1)−O(2) 91.2(4) C(49)−C(50)−C(51) 123(2)
O(3)−Fe(1)−O(2) 94.2(4) C(40)−C(51)−C(52) 122(2)
O(5)−Fe(1)−O(2) 177.1(5) C(40)−C(51)−C(50) 124(2)
O(12)−Fe(2)−O(7) 95.1(5) C(52)−C(51)−C(50) 114(2)
O(12)−Fe(2)−O(8) 94.4(5) C(51)−C(52)−C(47) 124(2)
O(7)−Fe(2)−O(8) 86.0(5) C(51)−C(52)−C(43) 121(2)
O(12)−Fe(2)−O(9) 172.9(5) C(47)−C(52)−C(43) 115(2)
O(7)−Fe(2)−O(9) 91.0(5) O(9)−C(53)−C(64) 127(2)
O(8)−Fe(2)−O(9) 89.6(5) O(9)−C(53)−C(54) 120(2)
O(12)−Fe(2)−O(11) 85.9(5) C(64)−C(53)−C(54) 113(2)
O(7)−Fe(2)−O(11) 90.7(5) C(55)−C(54)−C(53) 128(2)
O(8)−Fe(2)−O(11) 176.8(5) C(56)−C(55)−C(54) 119(2)
O(9)−Fe(2)−O(11) 90.4(5) C(55)−C(56)−C(65) 118(2)
O(12)−Fe(2)−O(10) 87.4(5) C(55)−C(56)−C(57) 125(2)
O(7)−Fe(2)−O(10) 176.2(6) C(65)−C(56)−C(57) 117(2)
O(8)−Fe(2)−O(10) 90.9(5) C(58)−C(57)−C(56) 122(3)
O(9)−Fe(2)−O(10) 86.7(5) C(59)−C(58)−C(57) 119(3)
O(11)−Fe(2)−O(10) 92.3(5) C(58)−C(59)−C(60) 125(2)
O(18)−Fe(3)−O(15) 175.7(5) C(65)−C(60)−C(59) 117(2)
O(18)−Fe(3)−O(14) 93.5(5) C(65)−C(60)−C(61) 120(2)
O(15)−Fe(3)−O(14) 88.5(5) C(59)−C(60)−C(61) 122(2)
O(18)−Fe(3)−O(17) 87.2(5) C(62)−C(61)−C(60) 121(2)
O(15)−Fe(3)−O(17) 88.9(5) C(61)−C(62)−C(63) 123(2)
O(14)−Fe(3)−O(17) 90.3(5) O(10)−C(63)−C(64) 127(2)
O(18)−Fe(3)−O(13) 93.4(5) O(10)−C(63)−C(62) 117(2)
O(15)−Fe(3)−O(13) 90.5(5) C(64)−C(63)−C(62) 116(2)
O(14)−Fe(3)−O(13) 86.3(5) C(63)−C(64)−C(53) 118(2)
O(17)−Fe(3)−O(13) 176.6(5) C(63)−C(64)−C(65) 123(2)
O(18)−Fe(3)−O(16) 90.9(5) C(53)−C(64)−C(65) 119(2)
O(15)−Fe(3)−O(16) 87.4(5) C(60)−C(65)−C(56) 120(2)
O(14)−Fe(3)−O(16) 174.7(5) C(60)−C(65)−C(64) 116(2)
O(17)−Fe(3)−O(16) 92.9(5) C(56)−C(65)−C(64) 123(2)
O(13)−Fe(3)−O(16) 90.5(5) O(11)−C(66)−C(77) 126(2)
C(11)−O(1)−Fe(1) 129(1) O(11)−C(66)−C(67) 117(2)
C(1)−O(2)−Fe(1) 128(1) C(77)−C(66)−C(67) 117(2)
C(14)−O(3)−Fe(1) 130(1) C(68)−C(67)−C(66) 118(2)
C(24)−O(4)−Fe(1) 129(1) C(67)−C(68)−C(69) 126(2)
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C(27)−O(5)−Fe(1) 130(1) C(68)−C(69)−C(70) 120(3)
C(37)−O(6)−Fe(1) 129(1) C(68)−C(69)−C(78) 112(2)
C(40)−O(7)−Fe(2) 131(1) C(70)−C(69)−C(78) 128(2)
C(50)−O(8)−Fe(2) 132(1) C(71)−C(70)−C(69) 119(2)
C(53)−O(9)−Fe(2) 130(1) C(70)−C(71)−C(72) 118(2)
C(63)−O(10)−Fe(2) 130(1) C(73)−C(72)−C(71) 118(2)
C(66)−O(11)−Fe(2) 130(1) C(78)−C(73)−C(72) 127(3)
C(76)−O(12)−Fe(2) 132(1) C(78)−C(73)−C(74) 121(2)
C(79)−O(13)−Fe(3) 125(1) C(72)−C(73)−C(74) 112(3)
C(89)−O(14)−Fe(3) 130(1) C(75)−C(74)−C(73) 119(2)
C(92)−O(15)−Fe(3) 130(1) C(74)−C(75)−C(76) 121(2)
C(102)−O(16)−Fe(3) 130(1) O(12)−C(76)−C(75) 118(2)
C(105)−O(17)−Fe(3) 130(1) O(12)−C(76)−C(77) 125(2)
C(115)−O(18)−Fe(3) 132(1) C(75)−C(76)−C(77) 118(2)
O(2)−C(1)−C(12) 126(2) C(78)−C(77)−C(66) 118(2)
O(2)−C(1)−C(2) 113(2) C(78)−C(77)−C(76) 121(2)
C(12)−C(1)−C(2) 121(2) C(66)−C(77)−C(76) 122(2)
C(3)−C(2)−C(1) 121(2) C(77)−C(78)−C(73) 121(2)
C(2)−C(3)−C(4) 122(2) C(77)−C(78)−C(69) 128(2)
C(13)−C(4)−C(3) 118(2) C(73)−C(78)−C(69) 110(2)
C(13)−C(4)−C(5) 116(3) O(13)−C(79)−C(90) 126(2)
C(3)−C(4)−C(5) 125(3) O(13)−C(79)−C(80) 117(2)
C(6)−C(5)−C(4) 117(3) C(90)−C(79)−C(80) 117(2)
C(7)−C(6)−C(5) 124(4) C(81)−C(80)−C(79) 121(2)
C(6)−C(7)−C(8) 122(4) C(82)−C(81)−C(80) 122(2)
C(7)−C(8)−C(9) 125(4) C(83)−C(82)−C(81) 118(3)
C(7)−C(8)−C(13) 117(3) C(83)−C(82)−C(91) 122(2)
C(9)−C(8)−C(13) 118(2) C(81)−C(82)−C(91) 120(2)
C(10)−C(9)−C(8) 120(3) C(82)−C(83)−C(84) 122(3)
C(9)−C(10)−C(11) 128(3) C(85)−C(84)−C(83) 115(3)
O(1)−C(11)−C(10) 120(2) C(84)−C(85)−C(86) 125(3)
O(1)−C(11)−C(12) 127(2) C(91)−C(86)−C(85) 117(2)
C(10)−C(11)−C(12) 114(2) C(91)−C(86)−C(87) 121(2)
C(1)−C(12)−C(11) 119(2) C(85)−C(86)−C(87) 122(2)
C(1)−C(12)−C(13) 118(2) C(88)−C(87)−C(86) 118(2)
C(11)−C(12)−C(13) 122(2) C(87)−C(88)−C(89) 124(2)
C(8)−C(13)−C(4) 122(2) O(14)−C(89)−C(88) 119(2)
C(8)−C(13)−C(12) 118(2) O(14)−C(89)−C(90) 122(2)
C(4)−C(13)−C(12) 120(2) C(88)−C(89)−C(90) 119(2)
O(3)−C(14)−C(25) 128(2) C(79)−C(90)−C(89) 122(2)
O(3)−C(14)−C(15) 116(2) C(79)−C(90)−C(91) 121(2)
C(25)−C(14)−C(15) 117(2) C(89)−C(90)−C(91) 116(2)
C(16)−C(15)−C(14) 122(2) C(86)−C(91)−C(82) 119(2)
C(17)−C(16)−C(15) 119(2) C(86)−C(91)−C(90) 122(2)
C(18)−C(17)−C(16) 112(3) C(82)−C(91)−C(90) 119(2)
C(18)−C(17)−C(26) 122(3) O(15)−C(92)−C(103) 126(2)
C(16)−C(17)−C(26) 126(2) O(15)−C(92)−C(93) 115(2)
C(19)−C(18)−C(17) 116(5) C(103)−C(92)−C(93) 119(2)
C(18)−C(19)−C(20) 133(3) C(94)−C(93)−C(92) 119(2)
C(21)−C(20)−C(19) 106(2) C(93)−C(94)−C(95) 125(2)
C(26)−C(21)−C(22) 115(2) C(94)−C(95)−C(96) 129(2)
C(26)−C(21)−C(20) 121(2) C(94)−C(95)−C(104) 119(2)
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C(22)−C(21)−C(20) 124(2) C(96)−C(95)−C(104) 112(2)
C(23)−C(22)−C(21) 122(2) C(97)−C(96)−C(95) 124(2)
C(22)−C(23)−C(24) 121(2) C(98)−C(97)−C(96) 120(2)
O(4)−C(24)−C(25) 127(2) C(97)−C(98)−C(99) 121(2)
O(4)−C(24)−C(23) 115(2) C(98)−C(99)−C(104) 120(2)
C(25)−C(24)−C(23) 118(2) C(98)−C(99)−C(100) 119(2)
C(24)−C(25)−C(26) 117(2) C(104)−C(99)−C(100) 121(2)
C(24)−C(25)−C(14) 119(2) C(101)−C(100)−C(99) 120(2)
C(26)−C(25)−C(14) 124(2) C(100)−C(101)−C(102) 118(2)
C(21)−C(26)−C(25) 126(2) O(16)−C(102)−C(101) 113(2)
C(21)−C(26)−C(17) 122(2) O(16)−C(102)−C(103) 122(2)
C(25)−C(26)−C(17) 113(2) C(101)−C(102)−C(103) 125(2)
O(5)−C(27)−C(28) 114(2) C(92)−C(103)−C(102) 123(2)
O(5)−C(27)−C(38) 124(2) C(92)−C(103)−C(104) 122(2)
C(28)−C(27)−C(38) 123(2) C(102)−C(103)−C(104) 115(2)
C(29)−C(28)−C(27) 118(2) C(99)−C(104)−C(103) 121(2)
C(28)−C(29)−C(30) 122(2) C(99)−C(104)−C(95) 123(2)
C(39)−C(30)−C(31) 121(2) C(103)−C(104)−C(95) 116(2)
C(39)−C(30)−C(29) 119(2) O(17)−C(105)−C(116) 124(2)
C(31)−C(30)−C(29) 120(2) O(17)−C(105)−C(106) 116(2)
C(32)−C(31)−C(30) 122(2) C(116)−C(105)−C(106) 120(2)
C(31)−C(32)−C(33) 119(2) C(107)−C(106)−C(105) 120(2)
C(32)−C(33)−C(34) 119(2) C(106)−C(107)−C(108) 123(2)
C(35)−C(34)−C(39) 120(2) C(117)−C(108)−C(109) 118(2)
C(35)−C(34)−C(33) 121(2) C(117)−C(108)−C(107) 119(2)
C(39)−C(34)−C(33) 119(2) C(109)−C(108)−C(107) 123(2)
C(36)−C(35)−C(34) 122(2) C(110)−C(109)−C(108) 122(2)
C(35)−C(36)−C(37) 122(2) C(109)−C(110)−C(111) 119(2)
O(6)−C(37)−C(38) 128(2) C(112)−C(111)−C(110) 121(2)
O(6)−C(37)−C(36) 118(2) C(111)−C(112)−C(117) 120(2)
C(38)−C(37)−C(36) 114(2) C(111)−C(112)−C(113) 121(2)
C(39)−C(38)−C(37) 125(2) C(117)−C(112)−C(113) 120(2)
C(39)−C(38)−C(27) 115(2) C(114)−C(113)−C(112) 119(2)
C(37)−C(38)−C(27) 112(2) C(113)−C(114)−C(115) 125(2)
C(30)−C(39)−C(38) 123(2) O(18)−C(115)−C(116) 127(2)
C(30)−C(39)−C(34) 120(2) O(18)−C(115)−C(114) 120(2)
C(38)−C(39)−C(34) 117(2) C(116)−C(115)−C(114) 113(2)
O(7)−C(40)−C(51) 125(2) C(115)−C(116)−C(105) 120(2)
O(7)−C(40)−C(41) 117(2) C(115)−C(116)−C(117) 124(2)
C(51)−C(40)−C(41) 119(2) C(105)−C(116)−C(117) 116(2)
C(42)−C(41)−C(40) 119(2) C(108)−C(117)−C(112) 119(2)
C(41)−C(42)−C(43) 123(2) C(108)−C(117)−C(116) 122(2)
C(44)−C(43)−C(42) 120(2) C(112)−C(117)−C(116) 119(2)
 
 
Table A24: Anisotropic displacement parameters (Å2x 103)for [Fe(opo)3]. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Fe(1) 64(2)  59(2) 75(2)  15(2) 26(1)  23(1) 
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Fe(2) 71(2)  99(2) 66(2)  20(2) 25(2)  33(2) 
Fe(3) 88(2)  91(2) 71(2)  26(2) 20(2)  51(2) 
O(1) 70(8)  112(10) 92(10)  26(8) 43(8)  46(8) 
O(2) 77(8)  76(8) 76(9)  28(7) 24(7)  40(7) 
O(3) 77(8)  47(7) 89(9)  11(7) 43(7)  24(6) 
O(4) 53(7)  60(7) 93(10)  3(7) 19(7)  9(6) 
O(5) 65(8)  65(8) 108(11)  18(8) 29(7)  9(7) 
O(6) 55(7)  62(7) 91(10)  28(7) 19(6)  25(6) 
O(7) 86(8)  117(10) 88(11)  48(9) 57(8)  68(8) 
O(8) 58(7)  97(9) 73(10)  6(8) 19(7)  36(7) 
O(9) 69(8)  79(9) 97(11)  16(8) 9(7)  35(7) 
O(10) 90(9)  71(9) 82(11)  12(8) 17(7)  24(8) 
O(11) 63(8)  123(11) 78(10)  37(9) 29(7)  39(8) 
O(12) 92(9)  85(9) 68(10)  19(8) 36(8)  26(8) 
O(13) 86(8)  79(8) 67(9)  9(7) 22(7)  42(7) 
O(14) 110(9)  52(7) 80(10)  15(7) 33(8)  40(7) 
O(15) 84(9)  92(9) 75(10)  38(8) 33(8)  52(7) 
O(16) 73(8)  120(10) 69(10)  19(8) 15(7)  48(7) 
O(17) 91(9)  75(9) 108(11)  42(8) 27(8)  48(8) 
O(18) 80(9)  71(9) 94(11)  22(8) 4(7)  30(7) 
C(1) 66(13)  51(11) 96(18)  34(12) 27(13)  26(9) 
C(2) 86(14)  71(13) 103(18)  27(12) 36(14)  33(11) 
C(3) 83(16)  118(19) 160(30)  60(20) 32(18)  66(14) 
C(4) 91(18)  41(12) 200(30)  46(16) 50(20)  37(11) 
C(5) 106(18)  112(19) 250(40)  90(20) 80(20)  82(16) 
C(6) 210(40)  100(20) 230(50)  60(30) 160(40)  90(20) 
C(7) 220(40)  110(20) 180(40)  80(20) 120(30)  80(30) 
C(8) 160(30)  62(13) 190(30)  22(18) 150(30)  62(16) 
C(9) 140(30)  110(20) 100(20)  27(18) 20(20)  12(19) 
C(10) 110(20)  80(16) 190(30)  45(19) 90(20)  41(14) 
C(11) 85(16)  51(11) 52(14)  18(11) 23(13)  19(11) 
C(12) 84(14)  45(10) 104(19)  18(12) 65(15)  28(10) 
C(13) 68(14)  59(13) 160(20)  46(15) 38(16)  38(11) 
C(14) 36(9)  58(12) 63(13)  2(11) 6(9)  17(9) 
C(15) 81(12)  57(12) 67(14)  14(11) 30(11)  20(10) 
C(16) 100(16)  50(12) 83(18)  16(13) 20(13)  18(11) 
C(17) 76(14)  116(19) 74(18)  47(16) 52(13)  47(14) 
C(18) 340(60)  250(50) 90(30)  −50(30) −20(30)  230(50) 
C(19) 13(9)  220(30) 280(40)  220(30) 44(15)  4(14) 
C(20) 150(20)  250(30) 40(13)  47(17) 59(14)  150(20) 
C(21) 60(12)  68(13) 59(14)  −3(11) 8(10)  34(11) 
C(22) 79(13)  113(17) 39(12)  −18(12) 8(11)  51(13) 
C(23) 63(12)  59(12) 98(17)  17(13) 25(12)  22(10) 
C(24) 59(12)  65(13) 53(13)  −5(11) 4(10)  28(11) 
C(25) 44(9)  35(9) 67(13)  12(10) 21(9)  12(8) 
C(26) 33(9)  58(11) 81(14)  34(11) 24(9)  13(9) 
C(27) 65(13)  71(14) 90(15)  22(12) 23(11)  29(11) 
C(28) 48(12)  47(12) 160(20)  20(13) 20(12)  10(9) 
C(29) 74(14)  79(15) 140(20)  9(15) 31(13)  31(13) 
C(30) 87(15)  48(12) 110(18)  27(12) 20(12)  39(12) 
C(31) 76(15)  101(18) 150(20)  34(16) 26(14)  43(14) 
C(32) 140(20)  87(18) 140(20)  43(16) 65(18)  81(18) 
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C(33) 150(20)  80(16) 93(18)  23(13) 57(16)  57(15) 
C(34) 70(13)  78(14) 70(14)  20(11) 34(11)  36(12) 
C(35) 92(16)  65(13) 94(16)  34(12) 62(13)  15(11) 
C(36) 46(10)  74(13) 74(14)  24(11) 16(9)  12(10) 
C(37) 57(12)  73(13) 79(14)  23(11) 34(10)  35(11) 
C(38) 35(9)  52(11) 71(13)  9(10) 11(8)  9(9) 
C(39) 69(13)  59(12) 77(14)  29(11) 29(10)  36(11) 
C(40) 107(16)  54(11) 55(15)  8(11) 43(13)  13(11) 
C(41) 52(10)  73(12) 76(16)  27(12) 20(10)  34(9) 
C(42) 45(11)  76(13) 73(16)  20(12) −22(10)  −6(9) 
C(43) 100(16)  39(10) 94(19)  21(12) 60(15)  17(10) 
C(44) 113(16)  98(15) 19(13)  −11(12) 4(11)  40(12) 
C(45) 150(20)  77(15) 56(16)  −14(12) 29(16)  34(15) 
C(46) 150(20)  64(14) 150(30)  32(16) 90(20)  62(15) 
C(47) 99(17)  71(14) 59(16)  4(13) 41(14)  22(12) 
C(48) 101(17)  59(12) 130(20)  29(14) 85(16)  40(12) 
C(49) 91(14)  93(15) 74(16)  18(14) 47(14)  55(12) 
C(50) 85(15)  54(11) 75(17)  −3(12) 29(13)  16(10) 
C(51) 51(10)  43(9) 36(11)  9(9) 18(9)  15(8) 
C(52) 56(11)  50(10) 67(14)  13(10) 41(11)  10(9) 
C(53) 29(9)  102(17) 37(11)  13(12) −2(8)  4(11) 
C(54) 69(14)  130(20) 73(16)  34(16) 10(11)  35(16) 
C(55) 60(15)  130(20) 87(18)  24(16) 4(13)  0(14) 
C(56) 90(16)  61(14) 93(19)  −10(14) 35(14)  −7(14) 
C(57) 180(30)  72(16) 150(30)  43(17) 110(20)  39(18) 
C(58) 120(20)  170(30) 90(20)  50(20) −28(16)  60(20) 
C(59) 108(19)  180(30) 64(18)  60(20) 17(14)  70(20) 
C(60) 104(18)  120(20) 72(17)  59(17) 31(14)  46(17) 
C(61) 88(16)  170(30) 51(15)  49(18) 15(12)  60(19) 
C(62) 58(13)  140(20) 62(15)  25(15) 1(11)  28(13) 
C(63) 58(12)  82(15) 48(13)  5(13) 13(10)  −15(12) 
C(64) 96(16)  88(15) 72(15)  47(13) 41(13)  44(14) 
C(65) 69(13)  170(20) 52(13)  66(16) 31(11)  67(16) 
C(66) 74(13)  105(17) 50(14)  18(13) 24(12)  52(14) 
C(67) 59(12)  160(20) 66(17)  42(18) 7(12)  44(14) 
C(68) 98(18)  170(30) 32(15)  6(16) 8(13)  78(19) 
C(69) 67(14)  92(18) 72(19)  −3(16) −5(13)  40(14) 
C(70) 95(16)  130(20) 55(16)  18(16) 31(13)  70(16) 
C(71) 120(20)  140(20) 75(18)  19(18) 1(17)  83(19) 
C(72) 73(14)  160(30) 120(20)  100(20) 31(16)  57(15) 
C(73) 170(30)  170(30) 49(17)  11(19) 41(18)  150(30) 
C(74) 117(17)  61(13) 90(20)  −11(14) 23(15)  41(12) 
C(75) 80(14)  140(20) 86(18)  38(17) 48(13)  44(16) 
C(76) 41(10)  63(13) 76(16)  9(12) 5(11)  1(10) 
C(77) 50(11)  59(12) 61(14)  10(12) 17(10)  9(10) 
C(78) 65(13)  71(15) 77(19)  −3(15) 11(13)  27(12) 
C(79) 52(11)  60(13) 83(16)  8(12) 16(11)  17(10) 
C(80) 87(15)  89(17) 66(15)  −7(13) 2(12)  48(13) 
C(81) 79(15)  62(14) 130(20)  14(16) −10(15)  23(12) 
C(82) 70(15)  110(20) 89(19)  7(17) 16(14)  56(15) 
C(83) 80(18)  170(30) 210(40)  70(30) 50(20)  74(19) 
C(84) 79(17)  100(20) 250(40)  70(20) 60(20)  26(16) 
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C(85) 69(14)  180(30) 120(20)  40(20) 50(15)  61(17) 
C(86) 59(12)  96(17) 85(17)  32(15) 18(12)  49(12) 
C(87) 94(14)  88(16) 69(14)  21(13) 20(12)  60(13) 
C(88) 88(13)  67(12) 47(13)  9(11) 33(11)  39(10) 
C(89) 72(12)  53(12) 63(14)  18(11) 11(10)  32(10) 
C(90) 50(10)  67(13) 60(13)  −2(11) 12(10)  37(10) 
C(91) 72(13)  72(15) 64(15)  −4(13) 8(12)  42(12) 
C(92) 62(12)  47(10) 120(20)  48(12) 47(13)  34(9) 
C(93) 72(13)  67(12) 56(14)  8(11) 16(11)  19(10) 
C(94) 100(17)  71(13) 130(20)  26(15) 89(18)  15(12) 
C(95) 41(11)  82(14) 110(19)  43(13) 6(12)  8(9) 
C(96) 73(15)  125(19) 120(20)  45(18) −3(16)  37(13) 
C(97) 90(20)  200(30) 100(20)  70(20) 4(17)  10(18) 
C(98) 67(15)  160(20) 85(19)  33(16) −7(14)  13(14) 
C(99) 52(13)  92(15) 82(17)  34(13) −3(13)  0(10) 
C(100) 81(15)  109(16) 86(17)  39(14) 52(13)  23(12) 
C(101) 68(12)  97(14) 47(13)  23(12) 17(11)  23(10) 
C(102) 61(12)  81(13) 62(14)  32(11) 30(11)  24(10) 
C(103) 50(10)  53(10) 73(14)  29(10) 28(10)  24(8) 
C(104) 54(12)  92(14) 73(15)  47(12) 9(11)  21(10) 
C(105) 90(15)  104(17) 53(13)  26(12) 45(12)  43(14) 
C(106) 93(15)  74(13) 105(17)  49(13) 52(13)  50(13) 
C(107) 97(15)  70(14) 122(18)  60(13) 49(14)  49(13) 
C(108) 90(16)  89(16) 80(15)  20(13) 22(12)  58(14) 
C(109) 84(16)  78(16) 130(20)  17(14) −10(14)  5(14) 
C(110) 81(17)  120(20) 140(20)  66(18) −26(14)  3(15) 
C(111) 57(13)  121(19) 102(18)  37(15) 6(11)  19(14) 
C(112) 67(13)  110(17) 59(13)  22(12) 23(10)  49(14) 
C(113) 90(17)  150(20) 68(15)  29(15) 19(13)  82(16) 
C(114) 89(15)  121(18) 72(15)  42(14) 13(12)  65(15) 
C(115) 96(15)  69(13) 50(13)  20(11) 18(11)  56(12) 
C(116) 54(11)  92(15) 59(12)  33(11) 26(9)  43(11) 
C(117) 75(14)  84(14) 63(13)  26(11) 14(10)  51(12) 
 
Table A25: Crystal data and structure refinement for [(Me2salF4)Cu] 
empirical formula  C22H20CuF4N2O2  
formula weight  483.94  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  monoclinic  
space group  C2 (No. 5)  
unit cell dimensions a = 19.090(3) Å α = 90° 
 b = 16.624(3) Å β = 101.06(1)° 
 c = 11.362(2) Å γ = 90° 
volume 3539(1) Å3  
Z 6  
density (calculated) 1.362 gcm−1  
absorption coefficient 0.976 mm−1  
F(000) 1482  
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crystal size 0.1 x 0.2 x 0.5 mm3  
theta range for data collection 1.64 to 27.41°.  
index ranges −24 < h < 24 
−21 < k < 21 
−13 < l < 14 
 
reflections collected 23671  
independent reflections 7921 [R(int) = 0.0945]  
data / restraints / parameters 7921 / 1 / 425  
Goodness−of−fit on F2 0.610  
final R indices [I>2sigma(I)] R1 = 0.0477, wR2 = 0.1387  
R indices (all data) R1 = 0.1474, wR2 = 0.1588  
absolute structure parameter −0.02(2)  
largest diff. peak and hole 0.298 and −0.103 e.Å−3  
 
 
Table A26: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[(Me2salF4)Cu]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Cu(1) 0 7766(1) 10000 91(1)
Cu(2) 197(1) 7992(1) 6733(1) 89(1)
O(1) 667(4) 6946(3) 10056(6) 94(2)
O(2) 1161(3) 7757(4) 7191(5) 102(2)
O(3) 496(3) 9036(4) 6661(5) 100(2)
N(1) 723(4) 8626(4) 10090(7) 89(2)
N(2) −94(4) 6871(5) 6765(6) 91(2)
N(3) −818(4) 8267(4) 6314(6) 86(2)
F(1) 1473(3) 5622(4) 10610(5) 127(2)
F(2) 3583(3) 7117(4) 11254(6) 155(2)
F(3) 2574(2) 7647(3) 7451(5) 128(2)
F(4) 2530(3) 4848(3) 7740(6) 144(2)
F(5) 1154(3) 10458(3) 7041(5) 115(2)
F(6) −1016(3) 11854(3) 6225(6) 144(2)
C(1) 374(4) 9435(5) 9836(7) 85(2)
C(2) 765(5) 10145(5) 10522(8) 100(3)
C(3) 400(4) 10896(5) 10032(8) 107(3)
C(4) 1367(5) 8509(5) 9896(8) 89(2)
C(5) 1756(4) 9106(5) 9257(7) 105(2)
C(6) 1735(4) 7744(5) 10241(7) 93(2)
C(7) 1357(6) 7017(5) 10265(7) 91(2)
C(8) 1819(5) 6359(5) 10595(8) 101(2)
C(9) 2532(6) 6365(6) 10910(8) 112(3)
C(10) 2848(5) 7073(6) 10884(9) 109(3)
C(11) 2494(4) 7768(6) 10544(7) 105(3)
C(12) −892(5) 6815(6) 6622(8) 98(3)
C(13) −1232(5) 6063(5) 5937(9) 109(3)
C(14) −2021(5) 6023(7) 6083(10) 135(4)
C(15) −2413(5) 6811(6) 5757(9) 117(3)
C(16) −2012(4) 7543(5) 6321(8) 108(3)
C(17) −1264(5) 7555(5) 6034(8) 95(3)
C(18) 302(5) 6287(5) 7350(8) 94(3)
C(19) 13(4) 5616(5) 8000(8) 108(2)
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C(20) 1079(5) 6316(5) 7406(7) 93(2)
C(21) 1451(5) 7028(6) 7373(8) 99(3)
C(22) 2209(5) 6939(6) 7476(8) 103(2)
C(23) 2569(5) 6240(7) 7607(8) 118(3)
C(24) 2176(6) 5545(6) 7648(8) 114(3)
C(25) 1464(5) 5563(5) 7559(8) 105(3)
C(26) −1070(4) 8930(6) 5836(7) 89(2)
C(27) −1741(4) 9036(5) 4914(7) 105(2)
C(28) −664(4) 9713(6) 6145(7) 94(3)
C(29) −1017(5) 10421(6) 6038(8) 102(3)
C(30) −667(5) 11138(6) 6300(9) 114(3)
C(31) 90(5) 11184(5) 6634(8) 107(3)
C(32) 428(4) 10453(6) 6716(7) 99(2)
C(33) 92(5) 9694(6) 6508(7) 94(2)
 
 
Table A27: Bond lengths [Å] and angles [°] for [(Me2salF4)Cu] 
Cu(1)−O(1)  1.859(6)  C(6)−C(7)  1.41(1)
Cu(1)−O(1)#1  1.859(6)  C(6)−C(11)  1.42(1)
Cu(1)−N(1)#1  1.975(8)  C(7)−C(8)  1.41(1)
Cu(1)−N(1)  1.975(8)  C(8)−C(9)  1.34(1)
Cu(2)−O(3)  1.834(7)  C(9)−C(10)  1.33(1)
Cu(2)−O(2)  1.855(5)  C(10)−C(11)  1.36(1)
Cu(2)−N(3)  1.957(7)  C(12)−C(17)  1.51(1)
Cu(2)−N(2)  1.947(8)  C(12)−C(13)  1.55(1)
O(1)−C(7)  1.30(1)  C(13)−C(14)  1.55(1)
O(2)−C(21)  1.33(1)  C(14)−C(15)  1.52(1)
O(3)−C(33)  1.33(1)  C(15)−C(16)  1.51(1)
N(1)−C(4)  1.31(1)  C(16)−C(17)  1.52(1)
N(1)−C(1)  1.50(1)  C(18)−C(20)  1.47(1)
N(2)−C(18)  1.33(1)  C(18)−C(19)  1.50(1)
N(2)−C(12)  1.50(1)  C(20)−C(21)  1.95(1)
N(3)−C(26)  1.28(1)  C(20)−C(25)  1.44(1)
N(3)−C(17)  1.46(1)  C(21)−C(22)  1.44(1)
F(1)−C(8)  1.39(1)  C(22)−C(23)  1.34(1)
F(2)−C(10)  1.39(1)  C(23)−C(24)  1.39(1)
F(3)−C(22)  1.370(9)  C(24)−C(25)  1.34(1)
F(4)−C(24)  1.336(9)  C(26)−C(28)  1.52(1)
F(5)−C(32)  1.363(9)  C(26)−C(27)  1.50(1)
F(6)−C(30)  1.36(1)  C(28)−C(29)  1.35(1)
C(1)−C(2)  1.53(1)  C(28)−C(33)  1.42(1)
C(1)−C(1)#1  1.54(2)  C(29)−C(30)  1.37(1)
C(2)−C(3)  1.49(1)  C(30)−C(31)  1.42(1)
C(3)−C(3)#1  1.51(2)  C(31)−C(32)  1.37(1)
C(4)−C(6)  1.47(1)  C(32)−C(33)  1.42(1)
C(4)−C(5)  1.51(1)   
     
O(1)−Cu(1)−O(1)#1 85.6(4)  C(10)−C(11)−C(6) 118.3(9)
O(1)−Cu(1)−N(1)#1 178.7(3)  C(17)−C(12)−N(2) 112.3(8)
O(1)#1−Cu(1)−N(1)#1 93.5(3)  C(17)−C(12)−C(13) 108.6(7)
O(1)−Cu(1)−N(1) 93.5(3)  N(2)−C(12)−C(13) 115.0(8)
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O(1)#1−Cu(1)−N(1) 178.7(3)  C(14)−C(13)−C(12) 107.7(8)
N(1)#1−Cu(1)−N(1) 87.3(4)  C(15)−C(14)−C(13) 112.4(8)
O(3)−Cu(2)−O(2) 84.9(3)  C(16)−C(15)−C(14) 113.9(8)
O(3)−Cu(2)−N(3) 94.0(3)  C(15)−C(16)−C(17) 109.8(8)
O(2)−Cu(2)−N(3) 177.5(3)  N(3)−C(17)−C(12) 111.0(6)
O(3)−Cu(2)−N(2) 177.6(3)  N(3)−C(17)−C(16) 119.8(8)
O(2)−Cu(2)−N(2) 93.7(3)  C(12)−C(17)−C(16) 106.0(7)
N(3)−Cu(2)−N(2) 87.5(3)  N(2)−C(18)−C(20) 118.1(8)
C(7)−O(1)−Cu(1) 127.1(5)  N(2)−C(18)−C(19) 124.2(9)
C(21)−O(2)−Cu(2) 126.6(5)  C(20)−C(18)−C(19) 117.7(8)
C(33)−O(3)−Cu(2) 127.3(6)  C(21)−C(20)−C(25) 119.5(9)
C(4)−N(1)−C(1) 119.8(7)  C(21)−C(20)−C(18) 122.9(8)
C(4)−N(1)−Cu(1) 123.7(6)  C(25)−C(20)−C(18) 117.5(8)
C(1)−N(1)−Cu(1) 111.0(5)  O(2)−C(21)−C(20) 125.6(8)
C(18)−N(2)−C(12) 118.5(8)  O(2)−C(21)−C(22) 119.3(8)
C(18)−N(2)−Cu(2) 124.9(6)  C(20)−C(21)−C(22) 115.0(9)
C(12)−N(2)−Cu(2) 110.1(6)  C(23)−C(22)−F(3) 119.5(9)
C(26)−N(3)−C(17) 116.7(7)  C(23)−C(22)−C(21) 125.8(9)
C(26)−N(3)−Cu(2) 125.3(6)  F(3)−C(22)−C(21) 114.7(8)
C(17)−N(3)−Cu(2) 111.9(5)  C(22)−C(23)−C(24) 117.1(9)
N(1)−C(1)−C(2) 116.0(6)  F(4)−C(24)−C(25) 121(1)
N(1)−C(1)−C(1)#1 110.5(5)  F(4)−C(24)−C(23) 117(1)
C(2)−C(1)−C(1)#1 105.1(6)  C(25)−C(24)−C(23) 121.7(9)
C(3)−C(2)−C(1) 108.1(7)  C(24)−C(25)−C(20) 120.8(9)
C(2)−C(3)−C(3)#1 114.4(6)  N(3)−C(26)−C(28) 120.4(8)
N(1)−C(4)−C(6) 120.1(8)  N(3)−C(26)−C(27) 126.7(9)
N(1)−C(4)−C(5) 123.4(8)  C(28)−C(26)−C(27) 112.9(8)
C(6)−C(4)−C(5) 116.4(8)  C(29)−C(28)−C(33) 120.4(9)
C(7)−C(6)−C(11) 121.3(8)  C(29)−C(28)−C(26) 120.1(8)
C(7)−C(6)−C(4) 121.8(7)  C(33)−C(28)−C(26) 119.4(9)
C(11)−C(6)−C(4) 116.9(8)  C(28)−C(29)−C(30) 121.6(9)
O(1)−C(7)−C(6) 125.5(8)  F(6)−C(30)−C(29) 122.3(9)
O(1)−C(7)−C(8) 122.5(8)  F(6)−C(30)−C(31) 115.5(9)
C(6)−C(7)−C(8) 112.0(9)  C(29)−C(30)−C(31) 122.2(8)
C(9)−C(8)−F(1) 117.6(9)  C(32)−C(31)−C(30) 114.3(8)
C(9)−C(8)−C(7) 128.1(9)  F(5)−C(32)−C(31) 117.0(8)
F(1)−C(8)−C(7) 114.3(8)  F(5)−C(32)−C(33) 117.1(8)
C(10)−C(9)−C(8) 116.4(9)  C(31)−C(32)−C(33) 125.9(8)
C(9)−C(10)−C(11) 123.9(8)  O(3)−C(33)−C(32) 118.6(8)
C(9)−C(10)−F(2) 118.6(8)  O(3)−C(33)−C(28) 125.9(8)
C(11)−C(10)−F(2) 117.5(9)  C(32)−C(33)−C(28) 115.5(9)
Symmetry transformations used to generate equivalent atoms: #1 −x,y,−z+2  
 
 
Table A28: Anisotropic displacement parameters (Å2x 103) for [(Me2salF4)Cu].  The anisotropic 
displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 
Cu(1) 91(1)  93(2) 89(1)  0 15(1)  0 
Cu(2) 85(1)  97(1) 86(1)  0(1) 15(1)  0(1) 
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O(1) 98(5)  81(4) 102(4)  0(3) 18(4)  −5(3) 
O(2) 99(4)  93(5) 113(4)  7(3) 22(3)  12(4) 
O(3) 89(4)  89(4) 120(5)  −1(4) 12(3)  12(3) 
N(1) 85(5)  86(5) 95(5)  −2(4) 16(4)  7(3) 
N(2) 85(4)  112(6) 77(4)  −4(4) 17(3)  −13(4) 
N(3) 99(5)  71(4) 88(4)  8(3) 22(4)  1(4) 
F(1) 122(4)  118(4) 139(4)  5(3) 20(3)  26(3) 
F(2) 102(4)  148(4) 212(6)  10(4) 26(4)  28(3) 
F(3) 93(3)  142(5) 152(4)  20(3) 28(3)  5(3) 
F(4) 137(4)  122(4) 166(5)  5(3) 13(3)  43(3) 
F(5) 90(3)  110(4) 134(4)  −3(3) −4(3)  −4(3) 
F(6) 131(4)  107(4) 188(6)  −2(3) 17(4)  26(3) 
C(1) 90(5)  89(6) 74(5)  0(4) 8(4)  1(4) 
C(2) 106(6)  89(6) 103(6)  −1(5) 12(5)  −5(5) 
C(3) 133(6)  84(5) 109(6)  −9(5) 35(6)  −8(4) 
C(4) 82(6)  94(6) 90(6)  1(5) 12(4)  1(4) 
C(5) 103(5)  106(6) 107(6)  0(5) 20(5)  −4(4) 
C(6) 94(5)  103(6) 82(5)  −2(4) 18(4)  14(5) 
C(7) 115(7)  85(6) 74(5)  −1(4) 21(5)  0(5) 
C(8) 110(7)  87(6) 108(6)  8(5) 26(5)  0(5) 
C(9) 112(7)  110(7) 117(7)  −2(5) 26(5)  30(6) 
C(10) 86(6)  116(7) 125(8)  8(5) 20(5)  23(5) 
C(11) 91(5)  122(8) 104(5)  2(5) 23(4)  2(5) 
C(12) 90(6)  112(7) 89(6)  0(5) 14(5)  −18(5) 
C(13) 116(7)  102(6) 104(6)  −14(5) 12(5)  −9(5) 
C(14) 124(8)  167(11) 113(8)  −26(7) 16(6)  −54(7) 
C(15) 102(6)  127(8) 122(7)  −2(6) 16(5)  −17(6) 
C(16) 88(5)  138(8) 99(6)  14(5) 21(4)  −10(5) 
C(17) 99(6)  107(7) 77(5)  −1(4) 12(4)  −7(5) 
C(18) 114(7)  85(6) 79(6)  −6(5) 5(5)  9(5) 
C(19) 119(6)  90(5) 114(7)  15(4) 22(5)  −2(4) 
C(20) 108(7)  91(6) 80(5)  3(4) 17(4)  5(5) 
C(21) 86(6)  121(8) 89(6)  −6(5) 13(4)  −6(5) 
C(22) 105(6)  105(7) 98(6)  11(5) 14(5)  −7(6) 
C(23) 108(7)  141(9) 105(7)  13(6) 19(5)  34(7) 
C(24) 124(8)  108(7) 104(6)  12(5) 8(5)  39(6) 
C(25) 115(8)  92(6) 102(6)  5(5) 7(5)  16(5) 
C(26) 79(5)  111(7) 78(5)  −12(5) 16(4)  6(5) 
C(27) 87(5)  120(6) 101(6)  4(5) 4(4)  7(4) 
C(28) 77(5)  120(7) 84(5)  −4(5) 12(4)  2(5) 
C(29) 96(6)  103(7) 104(6)  −12(5) 14(4)  9(6) 
C(30) 118(7)  106(7) 117(7)  13(5) 20(5)  36(6) 
C(31) 115(7)  97(6) 106(6)  12(5) 11(5)  5(5) 
C(32) 86(6)  108(7) 97(6)  1(5) 4(4)  0(5) 
C(33) 100(6)  100(6) 81(5)  −7(4) 14(4)  −6(5) 
 
Table A29: Crystal data and structure refinement for [Cu(triaz)2] 
empirical formula  C40H46Cl2CuN6O2  
formula weight  777.27  
temperature  293(2) K  
wavelength  0.71073 Å  
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crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 11.238(2) Å α = 85.54(2)° 
 b = 13.151(2) Å β = 82.78(2)° 
 c = 13.648(2) Å γ = 80.88(2)° 
volume 1972.2(5) Å3  
Z 2  
density (calculated) 1.309 gcm−1  
absorption coefficient 0.731 mm−1  
F(000) 814  
crystal size 0.2 x 0.2 x 0.4 mm3  
theta range for data collection 2.52 to 28.20°.  
index ranges −14 < h < 14 
−17 < k < 17 
−18 < l < 18 
 
reflections collected 24040  
independent reflections 8889 [R(int) = 0.1691]  
data / restraints / parameters 8889 / 6 / 490  
Goodness−of−fit on F2 0.598  
final R indices [I>2sigma(I)] R1 = 0.0522, wR2 = 0.1257  
R indices (all data) R1 = 0.2273, wR2 = 0.2093  
largest diff. peak and hole 0.264 and −0.402 e.Å−3  
 
 
Table A30: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Cu(triaz)2]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Cu(1) 2072(1) 2348(1) 9089(1) 54(1)
Cl(1) 276(3) 917(3) 13271(2) 87(1)
Cl(2) 4915(3) −1085(2) 6631(2) 86(1)
Cl(3) −1841(12) 268(10) 13171(9) 93(4)
Cl(4) 6954(15) −1559(14) 7345(14) 134(6)
O(1) 1924(4) 2158(4) 7775(3) 64(2)
O(2) 2077(4) 3074(4) 10199(4) 60(1)
N(1) 512(5) 1872(4) 9517(4) 48(1)
N(2) −273(5) 1650(4) 8908(4) 48(1)
N(3) −1189(5) 1191(5) 9355(4) 56(2)
N(4) 3829(5) 1820(5) 9082(4) 50(2)
N(5) 4526(5) 2017(4) 9777(4) 46(1)
N(6) 5592(5) 1403(5) 9771(4) 54(2)
C(1) 5592(6) 760(6) 9043(5) 52(2)
C(2) 6469(7) −57(6) 8712(6) 62(2)
C(3) 6235(7) −605(7) 7963(6) 69(2)
C(4) 5120(7) −344(6) 7539(6) 62(2)
C(5) 4255(6) 456(6) 7848(5) 57(2)
C(6) 4507(6) 1011(6) 8617(5) 49(2)
C(7) 2993(5) 3297(5) 10633(5) 46(2)
C(8) 2744(6) 4078(5) 11346(5) 49(2)
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C(9) 3708(6) 4289(5) 11791(5) 50(2)
C(10) 4910(6) 3814(6) 11606(5) 49(2)
C(11) 5131(6) 3061(6) 10925(5) 49(2)
C(12) 4193(6) 2823(5) 10448(5) 44(2)
C(13) 1473(6) 4711(6) 11572(5) 56(2)
C(14) 1191(8) 5417(7) 10648(6) 80(3)
C(15) 481(7) 4023(7) 11841(7) 80(3)
C(16) 1420(7) 5390(7) 12434(6) 76(2)
C(17) 5892(7) 4152(6) 12122(6) 62(2)
C(18) 5491(9) 4208(8) 13233(6) 89(3)
C(19) 6110(9) 5229(8) 11675(8) 101(3)
C(20) 7075(7) 3388(8) 11989(8) 95(3)
C(21) −996(6) 1101(6) 10316(5) 50(2)
C(22) −1673(7) 663(6) 11147(6) 66(2)
C(23) −1266(7) 626(6) 12032(6) 64(2)
C(24) −186(7) 1036(6) 12126(5) 60(2)
C(25) 489(6) 1486(6) 11351(5) 51(2)
C(26) 52(6) 1511(5) 10427(5) 46(2)
C(27) 916(6) 2170(6) 7356(5) 50(2)
C(28) 900(6) 2458(6) 6324(5) 55(2)
C(29) −152(6) 2426(6) 5910(6) 61(2)
C(30) −1235(6) 2168(6) 6427(6) 58(2)
C(31) −1207(6) 1908(6) 7422(5) 54(2)
C(32) −177(6) 1914(5) 7867(5) 46(2)
C(33) 2015(7) 2806(7) 5693(5) 67(2)
C(34) 2300(12) 3769(11) 6098(9) 143(6)
C(35) 3107(8) 1978(11) 5678(8) 129(5)
C(36) 1784(9) 3078(10) 4638(6) 115(4)
C(37) −2374(8) 2212(8) 5919(6) 79(3)
C(38) −2413(14) 2931(17) 5061(14) 259(13)
C(39) −2405(12) 1134(13) 5601(12) 176(7)
C(40) −3512(9) 2407(13) 6640(9) 152(6)
 
 
Table A31: Bond lengths [Å] and angles [°] for [Cu(triaz)2] 
Cu(1)−O(2)  1.854(5) C(9)−C(10)  1.396(9)
Cu(1)−O(1)  1.861(5) C(10)−C(11)  1.38(1)
Cu(1)−N(1)  1.959(5) C(10)−C(17)  1.520(9)
Cu(1)−N(4)  1.986(6) C(11)−C(12)  1.393(8)
Cl(1)−C(24)  1.696(8) C(13)−C(16)  1.52(1)
Cl(2)−C(4)  1.694(8) C(13)−C(15)  1.54(1)
Cl(3)−C(23)  1.67(1) C(13)−C(14)  1.54(1)
Cl(4)−C(3)  1.62(2) C(17)−C(18)  1.53(1)
O(1)−C(27)  1.330(8) C(17)−C(20)  1.54(1)
O(2)−C(7)  1.331(7) C(17)−C(19)  1.54(1)
N(1)−C(26)  1.364(8) C(21)−C(26)  1.399(9)
N(1)−N(2)  1.364(7) C(21)−C(22)  1.420(9)
N(2)−N(3)  1.334(7) C(22)−C(23)  1.34(1)
N(2)−C(32)  1.430(8) C(23)−C(24)  1.43(1)
N(3)−C(21)  1.350(8) C(24)−C(25)  1.374(9)
N(4)−C(6)  1.357(9) C(25)−C(26)  1.406(9)
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N(4)−N(5)  1.367(7) C(27)−C(32)  1.410(9)
N(5)−N(6)  1.334(7) C(27)−C(28)  1.433(1)
N(5)−C(12)  1.429(8) C(28)−C(29)  1.380(9)
N(6)−C(1)  1.354(9) C(28)−C(33)  1.539(9)
C(1)−C(6)  1.398(9) C(29)−C(30)  1.405(9)
C(1)−C(2)  1.40(1) C(30)−C(31)  1.38(1)
C(2)−C(3)  1.37(1) C(30)−C(37)  1.52(1)
C(3)−C(4)  1.43(1) C(31)−C(32)  1.375(8)
C(4)−C(5)  1.37(1) C(33)−C(36)  1.50(1)
C(5)−C(6)  1.405(9) C(33)−C(35)  1.51(1)
C(7)−C(12)  1.394(9) C(33)−C(34)  1.51(1)
C(7)−C(8)  1.44(1) C(37)−C(38)  1.45(1)
C(8)−C(9)  1.382(9) C(37)−C(40)  1.51(1)
C(8)−C(13)  1.54(1) C(37)−C(39)  1.52(2)
     
O(2)−Cu(1)−O(1) 157.1(2) C(16)−C(13)−C(14) 108.1(7)
O(2)−Cu(1)−N(1) 95.6(2) C(15)−C(13)−C(14) 109.5(7)
O(1)−Cu(1)−N(1) 90.9(2) C(16)−C(13)−C(8) 111.6(6)
O(2)−Cu(1)−N(4) 91.1(2) C(15)−C(13)−C(8) 112.4(6)
O(1)−Cu(1)−N(4) 98.5(2) C(14)−C(13)−C(8) 108.1(6)
N(1)−Cu(1)−N(4) 138.6(2) C(10)−C(17)−C(18) 110.4(6)
C(27)−O(1)−Cu(1) 128.2(4) C(10)−C(17)−C(20) 111.2(7)
C(7)−O(2)−Cu(1) 130.9(4) C(18)−C(17)−C(20) 107.8(7)
C(26)−N(1)−N(2) 103.3(5) C(10)−C(17)−C(19) 108.1(7)
C(26)−N(1)−Cu(1) 130.1(4) C(18)−C(17)−C(19) 109.4(8)
N(2)−N(1)−Cu(1) 125.6(4) C(20)−C(17)−C(19) 109.9(7)
N(3)−N(2)−N(1) 115.2(5) N(3)−C(21)−C(26) 109.8(6)
N(3)−N(2)−C(32) 120.9(5) N(3)−C(21)−C(22) 129.5(6)
N(1)−N(2)−C(32) 123.9(5) C(26)−C(21)−C(22) 120.7(6)
N(2)−N(3)−C(21) 103.7(5) C(23)−C(22)−C(21) 118.4(7)
C(6)−N(4)−N(5) 103.9(5) C(22)−C(23)−C(24) 120.0(7)
C(6)−N(4)−Cu(1) 129.3(4) C(22)−C(23)−Cl(3) 132.8(8)
N(5)−N(4)−Cu(1) 124.5(4) C(24)−C(23)−Cl(3) 107.0(7)
N(6)−N(5)−N(4) 114.4(5) C(25)−C(24)−C(23) 124.0(7)
N(6)−N(5)−C(12) 121.0(5) C(25)−C(24)−Cl(1) 119.8(6)
N(4)−N(5)−C(12) 124.6(5) C(23)−C(24)−Cl(1) 116.3(6)
N(5)−N(6)−C(1) 104.2(6) C(24)−C(25)−C(26) 115.2(6)
N(6)−C(1)−C(6) 109.3(7) N(1)−C(26)−C(21) 108.0(6)
N(6)−C(1)−C(2) 129.8(7) N(1)−C(26)−C(25) 130.2(6)
C(6)−C(1)−C(2) 120.8(7) C(21)−C(26)−C(25) 121.7(6)
C(3)−C(2)−C(1) 118.2(7) O(1)−C(27)−C(32) 124.0(6)
C(2)−C(3)−C(4) 120.4(8) O(1)−C(27)−C(28) 119.8(6)
C(2)−C(3)−Cl(4) 135.7(10) C(32)−C(27)−C(28) 116.1(6)
C(4)−C(3)−Cl(4) 103.9(9) C(29)−C(28)−C(27) 118.0(6)
C(5)−C(4)−C(3) 122.2(7) C(29)−C(28)−C(33) 120.8(7)
C(5)−C(4)−Cl(2) 121.4(7) C(27)−C(28)−C(33) 121.2(6)
C(3)−C(4)−Cl(2) 116.4(7) C(28)−C(29)−C(30) 125.3(7)
C(4)−C(5)−C(6) 116.8(7) C(31)−C(30)−C(29) 115.8(6)
N(4)−C(6)−C(1) 108.2(6) C(31)−C(30)−C(37) 122.6(6)
N(4)−C(6)−C(5) 130.2(7) C(29)−C(30)−C(37) 121.6(7)
C(1)−C(6)−C(5) 121.6(7) C(32)−C(31)−C(30) 121.2(6)
O(2)−C(7)−C(12) 124.5(6) C(31)−C(32)−C(27) 123.6(6)
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O(2)−C(7)−C(8) 118.6(6) C(31)−C(32)−N(2) 115.8(6)
C(12)−C(7)−C(8) 116.9(6) C(27)−C(32)−N(2) 120.7(5)
C(9)−C(8)−C(7) 117.5(6) C(36)−C(33)−C(35) 107.1(8)
C(9)−C(8)−C(13) 120.2(6) C(36)−C(33)−C(34) 106.9(9)
C(7)−C(8)−C(13) 122.3(6) C(35)−C(33)−C(34) 109.8(9)
C(8)−C(9)−C(10) 125.6(7) C(36)−C(33)−C(28) 111.7(6)
C(11)−C(10)−C(9) 116.2(6) C(35)−C(33)−C(28) 112.0(7)
C(11)−C(10)−C(17) 123.8(6) C(34)−C(33)−C(28) 109.2(7)
C(9)−C(10)−C(17) 120.0(7) C(38)−C(37)−C(40) 111(1)
C(10)−C(11)−C(12) 120.6(7) C(38)−C(37)−C(39) 110(1)
C(11)−C(12)−C(7) 123.2(7) C(40)−C(37)−C(39) 103(1)
C(11)−C(12)−N(5) 115.5(6) C(38)−C(37)−C(30) 113.2(8)
C(7)−C(12)−N(5) 121.2(6) C(40)−C(37)−C(30) 111.7(7)
C(16)−C(13)−C(15) 107.0(6) C(39)−C(37)−C(30) 107.5(9)
 
 
Table A32: Anisotropic displacement parameters (Å2x 103) for [Cu(triaz)2]. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 
Cu(1) 43(1)  68(1) 52(1)  −13(1) −7(1)  −6(1) 
Cl(1) 98(2)  112(3) 52(2)  0(2) −15(1)  −17(2) 
Cl(2) 90(2)  88(2) 83(2)  −46(2) −7(2)  −2(2) 
Cl(3) 101(8)  95(10) 87(8)  −15(7) 0(7)  −33(8) 
Cl(4) 127(12)  127(14) 139(14)  −22(11) −17(10)  16(11) 
O(1) 44(3)  100(5) 49(3)  −11(3) −8(2)  −10(3) 
O(2) 42(2)  76(4) 64(3)  −28(3) −14(2)  −2(3) 
N(1) 50(3)  51(4) 43(3)  −2(3) −16(3)  −2(3) 
N(2) 51(3)  48(4) 44(3)  −6(3) −9(3)  −1(3) 
N(3) 52(3)  62(4) 56(4)  −1(3) −4(3)  −17(3) 
N(4) 48(3)  57(4) 46(3)  −6(3) −3(3)  −11(3) 
N(5) 41(3)  49(4) 47(3)  −5(3) −7(2)  −3(3) 
N(6) 40(3)  58(4) 61(4)  −5(3) −10(3)  4(3) 
C(1) 42(4)  59(5) 57(5)  −12(4) −6(3)  −3(4) 
C(2) 48(4)  66(6) 71(5)  −10(4) −7(4)  1(4) 
C(3) 68(5)  63(6) 72(6)  −14(4) 9(4)  −10(5) 
C(4) 65(5)  59(6) 63(5)  −18(4) 10(4)  −13(5) 
C(5) 50(4)  68(6) 56(5)  −17(4) 0(3)  −15(4) 
C(6) 49(4)  49(5) 50(4)  −6(3) −3(3)  −10(4) 
C(7) 35(3)  49(5) 54(4)  −4(3) −13(3)  −1(3) 
C(8) 49(4)  44(5) 56(4)  −4(3) −14(3)  −1(4) 
C(9) 56(4)  48(5) 45(4)  −9(3) −17(3)  4(4) 
C(10) 44(4)  47(5) 58(4)  −6(3) −16(3)  −2(4) 
C(11) 42(4)  50(5) 56(4)  1(4) −13(3)  −6(4) 
C(12) 38(3)  46(5) 48(4)  −8(3) −11(3)  0(3) 
C(13) 54(4)  57(5) 57(5)  −20(4) −10(3)  6(4) 
C(14) 79(5)  79(7) 78(6)  −8(5) −27(5)  17(5) 
C(15) 64(5)  86(7) 90(7)  −34(5) 11(4)  −16(5) 
C(16) 69(5)  74(6) 85(6)  −32(5) −18(4)  10(5) 
C(17) 59(4)  62(6) 72(5)  −10(4) −26(4)  −11(4) 
C(18) 100(7)  117(8) 63(6)  −18(5) −37(5)  −25(6) 
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C(19) 102(7)  100(8) 117(8)  12(7) −46(6)  −48(7) 
C(20) 57(5)  102(8) 135(9)  −27(7) −44(5)  −5(5) 
C(21) 53(4)  51(5) 45(4)  −8(3) −7(3)  −3(4) 
C(22) 60(4)  75(6) 62(5)  1(4) 7(4)  −20(5) 
C(23) 73(5)  67(6) 51(5)  0(4) −4(4)  −11(5) 
C(24) 71(5)  59(5) 45(4)  −5(4) −10(4)  9(4) 
C(25) 54(4)  56(5) 38(4)  −8(3) −7(3)  4(4) 
C(26) 47(4)  37(4) 52(4)  −6(3) −4(3)  −1(3) 
C(27) 45(4)  50(5) 57(5)  −12(3) −7(3)  −7(4) 
C(28) 52(4)  64(5) 50(4)  −11(4) −5(3)  −12(4) 
C(29) 57(4)  75(6) 52(4)  2(4) −15(3)  −8(4) 
C(30) 51(4)  65(5) 62(5)  3(4) −22(4)  −13(4) 
C(31) 48(4)  59(5) 56(5)  −2(4) −17(3)  −10(4) 
C(32) 46(4)  53(5) 41(4)  0(3) −17(3)  −6(4) 
C(33) 62(5)  102(7) 41(4)  −4(4) −6(3)  −26(5) 
C(34) 160(11)  192(14) 104(9)  −37(9) 25(8)  −125(11) 
C(35) 71(6)  217(15) 79(7)  17(8) 18(5)  8(8) 
C(36) 102(7)  198(13) 55(6)  31(7) −14(5)  −63(8) 
C(37) 80(6)  99(8) 68(6)  15(5) −39(5)  −34(6) 
C(38) 153(12)  390(30) 260(19)  240(20) −162(13)  −138(16) 
C(39) 119(10)  221(17) 219(16)  −90(13) −81(10)  −39(11) 
C(40) 60(6)  274(19) 124(10)  −22(11) −35(6)  −3(9) 
 
Table A33: Crystal data and structure refinement for OON2 
empirical formula  C14H15NO2  
formula weight  229.27  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 7.671(2) Å α = 108.17(2)° 
 b = 8.050(1) Å β = 93.82(2)° 
 c = 11.358(2) Å γ = 113.80(2)° 
volume 594.6(2) Å3  
Z 2  
density (calculated) 1.281 gcm−1  




F(000) 244  
crystal size 0.5 x 0.7 x 1.1 mm3  
theta range for data collection 2.89 to 28.10°.  
index ranges −10 < h < 10 
−10 < k < 10 
−15 < l < 14 
 
reflections collected 7187  
independent reflections 2652 [R(int) = 0.0331]  
data / restraints / parameters 2652 / 0 / 218  
Goodness−of−fit on F2 0.945  
final R indices [I>2sigma(I)] R1 = 0.0435, wR2 = 0.1012  
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R indices (all data) R1 = 0.0811, wR2 = 0.1122  
largest diff. peak and hole 0.171 and −0.147 e.Å−3  
Table A34: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
OON2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
O(1) 9628(2) 7355(2) 9479(1) 53(1)
O(2) 7474(2) 3188(2) 5763(1) 52(1)
N(1) 7495(2) 2675(2) 8646(1) 51(1)
C(1) 7228(2) 4057(2) 8367(1) 39(1)
C(2) 5411(3) 4053(3) 8246(2) 55(1)
C(3) 3840(3) 2585(3) 8407(2) 63(1)
C(4) 4113(3) 1155(3) 8682(2) 59(1)
C(5) 5933(3) 1247(3) 8786(2) 60(1)
C(6) 9029(2) 5741(2) 8282(1) 41(1)
C(7) 10711(3) 5243(3) 8077(2) 49(1)
C(8) 8531(2) 6388(2) 7228(2) 40(1)
C(9) 7822(2) 5070(2) 5961(2) 41(1)
C(10) 7493(3) 5676(3) 4988(2) 52(1)
C(11) 7847(3) 7605(3) 5277(2) 62(1)
C(12) 8488(3) 8901(3) 6508(2) 62(1)
C(13) 8825(3) 8292(2) 7484(2) 51(1)
C(14) 6933(3) 1836(3) 4491(2) 55(1)
 
 
Table A35: Bond lengths [Å] and angles [°] for OON2 
O(1)−C(6)  1.443(2) C(4)−C(5)  1.363(3)
O(2)−C(9)  1.368(2) C(6)−C(7)  1.510(2)
O(2)−C(14)  1.421(2) C(6)−C(8)  1.530(2)
N(1)−C(1)  1.332(2) C(8)−C(13)  1.385(2)
N(1)−C(5)  1.345(2) C(8)−C(9)  1.404(2)
C(1)−C(2)  1.390(2) C(9)−C(10)  1.385(2)
C(1)−C(6)  1.531(2) C(10)−C(11)  1.386(3)
C(2)−C(3)  1.377(3) C(11)−C(12)  1.368(3)
C(3)−C(4)  1.370(3) C(12)−C(13)  1.392(3)
     
C(9)−O(2)−C(14) 118.3(2) C(7)−C(6)−C(1) 112.8(1)
C(1)−N(1)−C(5) 117.7(2) C(8)−C(6)−C(1) 111.1(1)
N(1)−C(1)−C(2) 121.5(2) C(13)−C(8)−C(9) 118.1(1)
N(1)−C(1)−C(6) 117.5(1) C(13)−C(8)−C(6) 121.4(1)
C(2)−C(1)−C(6) 120.8(1) C(9)−C(8)−C(6) 120.4(1)
C(3)−C(2)−C(1) 119.7(2) O(2)−C(9)−C(10) 123.2(2)
C(4)−C(3)−C(2) 118.8(2) O(2)−C(9)−C(8) 116.0(1)
C(5)−C(4)−C(3) 118.5(2) C(10)−C(9)−C(8) 120.9(1)
N(1)−C(5)−C(4) 123.9(2) C(9)−C(10)−C(11) 119.4(2)
O(1)−C(6)−C(7) 108.6(1) C(12)−C(11)−C(10) 120.7(2)
O(1)−C(6)−C(8) 108.1(1) C(11)−C(12)−C(13) 119.8(2)
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Table A36: Anisotropic displacement parameters (Å2x 103) for OON2. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 
O(1) 54(1)  48(1) 44(1)  7(1) 3(1)  19(1) 
O(2) 74(1)  40(1) 38(1)  13(1) 11(1)  24(1) 
N(1) 46(1)  48(1) 58(1)  23(1) 7(1)  16(1) 
C(1) 39(1)  42(1) 30(1)  9(1) 9(1)  14(1) 
C(2) 49(1)  56(1) 71(1)  31(1) 21(1)  24(1) 
C(3) 45(1)  67(1) 80(1)  33(1) 21(1)  22(1) 
C(4) 45(1)  57(1) 58(1)  25(1) 8(1)  5(1) 
C(5) 56(1)  52(1) 66(1)  30(1) 6(1)  14(1) 
C(6) 41(1)  38(1) 35(1)  9(1) 8(1)  14(1) 
C(7) 45(1)  54(1) 44(1)  20(1) 15(1)  17(1) 
C(8) 33(1)  40(1) 46(1)  16(1) 14(1)  15(1) 
C(9) 41(1)  40(1) 45(1)  19(1) 15(1)  18(1) 
C(10) 55(1)  60(1) 49(1)  27(1) 14(1)  29(1) 
C(11) 64(1)  70(1) 75(1)  47(1) 21(1)  36(1) 
C(12) 57(1)  47(1) 91(2)  33(1) 22(1)  27(1) 
C(13) 44(1)  40(1) 67(1)  19(1) 16(1)  18(1) 
C(14) 64(1)  50(1) 42(1)  8(1) 10(1)  25(1) 
 
Table A37: Crystal data and structure refinement for OON3 
empirical formula  C19H17NO2  
formula weight  291.34  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 8.205(5) Å α = 71.752(5)° 
 b = 8.721(5) Å β = 73.840(5)° 
 c = 12.612(5) Å γ = 65.829(5)° 
volume 770.1(7) Å3  
Z 2  
density (calculated) 1.256 gcm−1  
F(000) 308  
crystal size 0.3 x 0.3 x 0.6 mm3  
theta range for data collection 1.73 to 27.32°.  
index ranges −10 < h < 10 
−11 < k < 11 
−15 < l < 16 
 
reflections collected 7245  
independent reflections 3297 [R(int) = 0.0412]  
data / restraints / parameters 3297 / 0 / 257  
Goodness−of−fit on F2 0.884  
final R indices [I>2sigma(I)] R1 = 0.0440, wR2 = 0.1027  
R indices (all data) R1 = 0.0947, wR2 = 0.1254  
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extinction coefficient 0.081(8)  
largest diff. peak and hole 0.147 and −0.152 e.Å−3  
Table A38: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
OON3. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
O(1) 436(2) 241(2) 3828(1) 64(1)
O(2) 3689(2) −1072(2) 4395(1) 77(1)
N(1) 281(2) 2683(2) 1013(1) 72(1)
C(1) −796(3) 3103(3) 237(2) 75(1)
C(2) −1876(3) 2204(3) 327(2) 73(1)
C(3) −1874(3) 826(3) 1223(2) 76(1)
C(4) −794(3) 382(3) 2017(2) 65(1)
C(5) 262(2) 1330(2) 1904(1) 51(1)
C(6) 1467(2) 847(2) 2777(1) 50(1)
C(7) 1793(3) 2430(2) 2824(1) 53(1)
C(8) 3266(3) 2803(3) 2174(2) 60(1)
C(9) 3569(4) 4226(3) 2184(2) 76(1)
C(10) 2364(4) 5335(3) 2850(2) 78(1)
C(11) 864(4) 4996(3) 3506(2) 83(1)
C(12) 564(3) 3536(3) 3504(2) 69(1)
C(13) 3284(2) −594(2) 2526(1) 51(1)
C(14) 4360(3) −1554(2) 3372(2) 60(1)
C(15) 5981(3) −2883(3) 3167(2) 75(1)
C(16) 6592(3) −3261(3) 2110(2) 76(1)
C(17) 5595(3) −2316(3) 1259(2) 69(1)
C(18) 3959(3) −1000(2) 1474(2) 58(1)
C(19) 4600(4) −2083(3) 5336(2) 103(1)
 
 
Table A39: Bond lengths [Å] and angles [°] for OON3 
O(1)−C(6)  1.434(2) C(9)−C(10)  1.371(4) 
O(1)−H(20)  0.94(3) C(9)−H(9)  1.08(3) 
O(2)−C(14)  1.378(2) C(10)−C(11)  1.366(4) 
O(2)−C(19)  1.430(2) C(10)−H(10)  0.99(3) 
N(1)−C(5)  1.352(2) C(11)−C(12)  1.393(3) 
N(1)−C(1)  1.366(3) C(11)−H(11)  0.99(3) 
C(1)−C(2)  1.367(3) C(12)−H(12)  0.94(2) 
C(1)−H(1)  1.02(2) C(13)−C(18)  1.386(3) 
C(2)−C(3)  1.368(3) C(13)−C(14)  1.406(2) 
C(2)−H(2)  0.98(3) C(14)−C(15)  1.383(3) 
C(3)−C(4)  1.381(3) C(15)−C(16)  1.380(3) 
C(3)−H(3)  1.02(3) C(15)−H(15)  0.95(2) 
C(4)−C(5)  1.378(3) C(16)−C(17)  1.372(3) 
C(4)−H(4)  0.97(2) C(16)−H(16)  0.98(3) 
C(5)−C(6)  1.531(2) C(17)−C(18)  1.386(3) 
C(6)−C(7)  1.531(3) C(17)−H(17)  0.98(2) 
C(6)−C(13)  1.534(2) C(18)−H(18)  0.97(2) 
C(7)−C(8)  1.358(3) C(19)−H(19A)  0.9600 
C(7)−C(12)  1.386(3) C(19)−H(19B)  0.9600 
C(8)−C(9)  1.367(3) C(19)−H(19C)  0.9600 
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C(8)−H(8)  0.67(2)   
     
C(6)−O(1)−H(20) 106(2) C(11)−C(10)−C(9) 119.3(2) 
C(14)−O(2)−C(19) 119.3(2) C(11)−C(10)−H(10) 122(2) 
C(5)−N(1)−C(1) 118.2(2) C(9)−C(10)−H(10) 119(2) 
N(1)−C(1)−C(2) 122.5(2) C(10)−C(11)−C(12) 120.4(2) 
N(1)−C(1)−H(1) 118(1) C(10)−C(11)−H(11) 122(1) 
C(2)−C(1)−H(1) 119(1) C(12)−C(11)−H(11) 118(2) 
C(1)−C(2)−C(3) 119.0(2) C(7)−C(12)−C(11) 119.6(2) 
C(1)−C(2)−H(2) 119(1) C(7)−C(12)−H(12) 119(2) 
C(3)−C(2)−H(2) 122(1) C(11)−C(12)−H(12) 121(1) 
C(2)−C(3)−C(4) 119.4(2) C(18)−C(13)−C(14) 116.9(2) 
C(2)−C(3)−H(3) 121(1) C(18)−C(13)−C(6) 122.7(2) 
C(4)−C(3)−H(3) 120(1) C(14)−C(13)−C(6) 120.5(2) 
C(5)−C(4)−C(3) 120.0(2) O(2)−C(14)−C(15) 123.4(2) 
C(5)−C(4)−H(4) 119(2) O(2)−C(14)−C(13) 115.5(2) 
C(3)−C(4)−H(4) 120(1) C(15)−C(14)−C(13) 121.2(2) 
N(1)−C(5)−C(4) 121(2) C(16)−C(15)−C(14) 120.1(2) 
N(1)−C(5)−C(6) 118.7(2) C(16)−C(15)−H(15) 120(1) 
C(4)−C(5)−C(6) 120.4(2) C(14)−C(15)−H(15) 120(1) 
O(1)−C(6)−C(7) 110.4(1) C(17)−C(16)−C(15) 120.1(2) 
O(1)−C(6)−C(5) 103.9(2) C(17)−C(16)−H(16) 122(1) 
C(7)−C(6)−C(5) 110.7(1) C(15)−C(16)−H(16) 118(1) 
O(1)−C(6)−C(13) 109.9(1) C(16)−C(17)−C(18) 119.6(2) 
C(7)−C(6)−C(13) 110.1(2) C(16)−C(17)−H(17) 120(1) 
C(5)−C(6)−C(13) 111.7(1) C(18)−C(17)−H(17) 120(1) 
C(8)−C(7)−C(12) 118.8(2) C(13)−C(18)−C(17) 122.2(2) 
C(8)−C(7)−C(6) 120.4(2) C(13)−C(18)−H(18) 120(1) 
C(12)−C(7)−C(6) 120.8(2) C(17)−C(18)−H(18) 118(1) 
C(7)−C(8)−C(9) 121.6(2) O(2)−C(19)−H(19A) 109.5 
C(7)−C(8)−H(8) 122(2) O(2)−C(19)−H(19B) 109.5 
C(9)−C(8)−H(8) 117(2) H(19A)−C(19)−H(19B) 109.5 
C(8)−C(9)−C(10) 120.3(3) O(2)−C(19)−H(19C) 109.5 
C(8)−C(9)−H(9) 123(2) H(19A)−C(19)−H(19C) 109.5 
C(10)−C(9)−H(9) 117(2) H(19B)−C(19)−H(19C) 109.5 
 
 
Table A40: Anisotropic displacement parameters (Å2x 103) for OON3. The anisotropic displacement 
factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 
O(1) 63(1)  77(1) 46(1)  −2(1) −8(1)  −29(1) 
O(2) 79(1)  83(1) 58(1)  −13(1) −32(1)  −8(1) 
N(1) 80(1)  79(1) 61(1)  −1(1) −26(1)  −34(1) 
C(1) 85(2)  82(1) 61(1)  0(1) −32(1)  −31(1) 
C(2) 70(1)  83(1) 71(1)  −16(1) −32(1)  −20(1) 
C(3) 72(1)  82(1) 89(2)  −18(1) −30(1)  −33(1) 
C(4) 66(1)  64(1) 70(1)  −7(1) −21(1)  −27(1) 
C(5) 51(1)  54(1) 47(1)  −9(1) −12(1)  −17(1) 
C(6) 52(1)  55(1) 43(1)  −7(1) −10(1)  −20(1) 
C(7) 57(1)  52(1) 50(1)  −9(1) −22(1)  −13(1) 
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C(8) 62(1)  58(1) 60(1)  −14(1) −10(1)  −23(1) 
C(9) 87(2)  69(1) 82(1)  −8(1) −27(1)  −34(1) 
C(10) 91(2)  60(1) 93(2)  −11(1) −41(1)  −25(1) 
C(11) 92(2)  63(1) 94(2)  −33(1) −30(1)  −8(1) 
C(12) 64(1)  68(1) 74(1)  −24(1) −13(1)  −14(1) 
C(13) 53(1)  49(1) 52(1)  −8(1) −14(1)  −18(1) 
C(14) 63(1)  58(1) 59(1)  −10(1) −20(1)  −17(1) 
C(15) 67(1)  66(1) 83(2)  −10(1) −29(1)  −9(1) 
C(16) 61(1)  65(1) 91(2)  −21(1) −11(1)  −10(1) 
C(17) 68(1)  66(1) 71(1)  −22(1) −6(1)  −21(1) 
C(18) 62(1)  56(1) 57(1)  −11(1) −11(1)  −22(1) 
C(19) 112(2)  111(2) 73(1)  −7(1) −54(2)  −11(2) 
 
Table A41: Crystal data and structure refinement for [Co(OON3)2(µ−Cl)2CoCl2]·C3H6O 
empirical formula  C41H40Cl4Co2N2O5  
formula weight  900.41  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
space group  P¯1 (No. 2)  
unit cell dimensions a = 8.983(2) Å α = 92.74(2)° 
 b = 12.107(3) Å β = 97.43(2)° 
 c = 19.539(5) Å γ = 94.01(2)° 
volume 2098.7(8) Å3  
Z 2  
density (calculated) 1.425 gcm−1  
absorption coefficient 1.089 mm−1  
F(000) 924  
crystal size 0.3 x 0.4 x 0.4 mm3  
theta range for data collection 1.69 to 27.35°.  
index ranges −11 < h < 10 
−15 < k < 15 
−24 < l < 25 
 
reflections collected 20125  
independent reflections 9100 [R(int) = 0.0982]  
data / restraints / parameters 9100 / 0 / 493  
Goodness−of−fit on F2 0.653  
final R indices [I>2sigma(I)] R1 = 0.0477, wR2 = 0.0931  
R indices (all data) R1 = 0.2007, wR2 = 0.1211  
largest diff. peak and hole 1.011 and −0.489 e.Å−3  
 
Table A42: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Co(OON3)2(µ−Cl)2CoCl2]·C3H6O. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
 x y z U(eq) 
Co(1) 5950(1) 3457(1) 2214(1) 47(1)
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Co(2) 8628(1) 5411(1) 2222(1) 56(1)
Cl(1) 8216(2) 4090(1) 3002(1) 62(1)
Cl(2) 6116(2) 5335(1) 1744(1) 61(1)
Cl(3) 9965(2) 4680(2) 1445(1) 76(1)
Cl(4) 9648(2) 7008(1) 2730(1) 92(1)
N(1) 4411(5) 2800(4) 1361(2) 46(1)
N(2) 4361(5) 3750(4) 2878(2) 48(1)
O(1) 7332(5) 2767(3) 1518(2) 51(1)
O(2) 6890(7) 3807(5) 267(3) 109(2)
O(3) 7788(6) 984(4) 3569(3) 88(2)
O(4) 5783(4) 1986(3) 2751(2) 49(1)
O(5) 7448(10) −2095(7) 4663(4) 161(3)
C(1) 2916(8) 2988(5) 1242(4) 64(2)
C(2) 1979(8) 2673(6) 648(4) 73(2)
C(3) 2582(7) 2153(5) 118(4) 69(2)
C(4) 4087(7) 1947(5) 217(3) 58(2)
C(5) 4953(7) 2261(4) 824(3) 46(2)
C(6) 6592(6) 1965(4) 986(3) 43(1)
C(7) 6667(7) 837(4) 1298(3) 48(2)
C(8) 5452(8) 82(5) 1251(3) 56(2)
C(9) 5553(10) −975(6) 1506(4) 80(2)
C(10) 6958(12) −1247(6) 1818(4) 88(3)
C(11) 8182(10) −497(7) 1878(4) 88(2)
C(12) 8136(9) 606(6) 1621(3) 87(3)
C(13) 7369(6) 2016(5) 336(3) 51(2)
C(14) 7499(8) 2966(6) −11(4) 66(2)
C(15) 8195(8) 3068(7) −599(4) 81(2)
C(16) 8729(9) 2122(9) −862(4) 96(3)
C(17) 8600(8) 1153(8) −557(4) 85(2)
C(18) 7926(7) 1097(6) 34(3) 63(2)
C(19) 7056(12) 4898(7) −36(5) 140(4)
C(20) 3483(7) 4630(5) 2835(3) 60(2)
C(21) 2304(7) 4716(6) 3211(3) 66(2)
C(22) 1967(7) 3903(6) 3641(4) 67(2)
C(23) 2846(7) 3006(5) 3692(3) 61(2)
C(24) 4060(7) 2971(5) 3309(3) 49(2)
C(25) 5135(6) 2042(5) 3399(3) 48(2)
C(26) 4272(7) 938(5) 3484(3) 50(2)
C(27) 3550(8) 314(6) 2911(4) 70(2)
C(28) 2696(8) −648(6) 2977(4) 74(2)
C(29) 2501(8) −999(6) 3610(4) 80(2)
C(30) 3188(9) −389(6) 4192(4) 78(2)
C(31) 4084(7) 575(5) 4121(3) 62(2)
C(32) 6380(7) 2361(5) 4003(3) 53(2)
C(33) 7736(8) 1805(6) 4062(4) 63(2)
C(34) 8880(9) 2090(7) 4593(5) 86(2)
C(35) 8720(10) 2917(8) 5079(5) 95(3)
C(36) 7409(11) 3450(7) 5045(4) 94(3)
C(37) 6273(8) 3168(6) 4505(4) 73(2)
C(38) 9050(12) 311(9) 3678(5) 180(6)
C(39) 6688(15) −3830(10) 4225(7) 189(6)
C(40) 6799(12) −2635(9) 4184(6) 98(3)
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C(41) 6041(17) −2291(13) 3555(7) 245(9)
 
Table A43: Bond lengths [Å] and angles [°] for [Co(OON3)2(µ−Cl)2CoCl2]·C3H6O 
Co(1)−N(2)  2.086(5) C(17)−C(18)  1.373(9)
Co(1)−N(1)  2.109(5) C(17)−H(17)  0.9300
Co(1)−Cl(1)  2.441(2) C(18)−H(18)  0.9300
Co(1)−Cl(2)  2.494(2) C(19)−H(19A)  0.9600
Co(2)−Cl(4)  2.213(2) C(19)−H(19B)  0.9600
Co(2)−Cl(3)  2.240(2) C(19)−H(19C)  0.9600
Co(2)−Cl(1)  2.305(2) C(20)−C(21)  1.372(8)
Co(2)−Cl(2)  2.321(2) C(20)−H(20)  0.9300
N(1)−C(5)  1.368(7) C(21)−C(22)  1.368(8)
N(1)−C(1)  1.370(7) C(21)−H(21)  0.9300
N(2)−C(24)  1.331(7) C(22)−C(23)  1.387(8)
N(2)−C(20)  1.368(7) C(22)−H(22)  0.9300
O(1)−C(6)  1.449(6) C(23)−C(24)  1.402(8)
O(1)−H(1)  0.8200 C(23)−H(23)  0.9300
O(2)−C(14)  1.316(8) C(24)−C(25)  1.534(7)
O(2)−C(19)  1.480(8) C(25)−C(26)  1.524(8)
O(3)−C(33)  1.358(8) C(25)−C(32)  1.532(8)
O(3)−C(38)  1.442(8) C(26)−C(31)  1.367(8)
O(4)−C(25)  1.461(6) C(26)−C(27)  1.382(8)
O(4)−H(4)  0.8200 C(27)−C(28)  1.370(8)
O(5)−C(40)  1.18(1) C(27)−H(27)  0.9300
C(1)−C(2)  1.365(8) C(28)−C(29)  1.356(9)
C(1)−H(1)  0.9300 C(28)−H(28)  0.9300
C(2)−C(3)  1.375(9) C(29)−C(30)  1.38(1)
C(2)−H(2)  0.9300 C(29)−H(29)  0.9300
C(3)−C(4)  1.383(8) C(30)−C(31)  1.394(8)
C(3)−H(3)  0.9300 C(30)−H(30)  0.9300
C(4)−C(5)  1.355(8) C(31)−H(31)  0.9300
C(4)−H(4)  0.9300 C(32)−C(37)  1.369(8)
C(5)−C(6)  1.536(8) C(32)−C(33)  1.427(8)
C(6)−C(7)  1.525(7) C(33)−C(34)  1.38(1)
C(6)−C(13)  1.529(8) C(34)−C(35)  1.37(1)
C(7)−C(8)  1.364(8) C(34)−H(34)  0.9300
C(7)−C(12)  1.438(9) C(35)−C(36)  1.38(1)
C(8)−C(9)  1.399(8) C(35)−H(35)  0.9300
C(8)−H(8)  0.9300 C(36)−C(37)  1.38(1)
C(9)−C(10)  1.40(1) C(36)−H(36)  0.9300
C(9)−H(9)  0.9300 C(37)−H(37)  0.9300
C(10)−C(11)  1.37(1) C(38)−H(38A)  0.9600
C(10)−H(10)  0.9300 C(38)−H(38B)  0.9600
C(11)−C(12)  1.451(9) C(38)−H(38C)  0.9600
C(11)−H(11)  0.9300 C(39)−C(40)  1.45(1)
C(12)−H(12)  0.9300 C(39)−H(39A)  0.9600
C(13)−C(14)  1.368(8) C(39)−H(39B)  0.9600
C(13)−C(18)  1.388(8) C(39)−H(39C)  0.9600
C(14)−C(15)  1.383(9) C(40)−C(41)  1.42(1)
C(15)−C(16)  1.38(1) C(41)−H(41A)  0.9600
C(15)−H(15)  0.9300 C(41)−H(41B)  0.9600
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C(16)−C(17)  1.35(1) C(41)−H(41C)  0.9600
C(16)−H(16)  0.9300  
     
N(2)−Co(1)−N(1) 96.7(2) H(19A)−C(19)−H(19B) 109.5
N(2)−Co(1)−Cl(1) 98.4(1) O(2)−C(19)−H(19C) 109.5
N(1)−Co(1)−Cl(1) 164.8(1) H(19A)−C(19)−H(19C) 109.5
N(2)−Co(1)−Cl(2) 97.7(1) H(19B)−C(19)−H(19C) 109.5
N(1)−Co(1)−Cl(2) 92.6(1) N(2)−C(20)−C(21) 122.0(6)
Cl(1)−Co(1)−Cl(2) 86.44(6) N(2)−C(20)−H(20) 119.0
Cl(4)−Co(2)−Cl(3) 113.98(9) C(21)−C(20)−H(20) 119.0
Cl(4)−Co(2)−Cl(1) 112.63(8) C(22)−C(21)−C(20) 120.0(6)
Cl(3)−Co(2)−Cl(1) 107.93(7) C(22)−C(21)−H(21) 120.0
Cl(4)−Co(2)−Cl(2) 117.49(7) C(20)−C(21)−H(21) 120.0
Cl(3)−Co(2)−Cl(2) 108.94(8) C(21)−C(22)−C(23) 118.7(6)
Cl(1)−Co(2)−Cl(2) 93.87(7) C(21)−C(22)−H(22) 120.7
Co(2)−Cl(1)−Co(1) 86.45(6) C(23)−C(22)−H(22) 120.7
Co(2)−Cl(2)−Co(1) 84.87(6) C(22)−C(23)−C(24) 119.0(6)
C(5)−N(1)−C(1) 114.9(5) C(22)−C(23)−H(23) 120.5
C(5)−N(1)−Co(1) 118.7(4) C(24)−C(23)−H(23) 120.5
C(1)−N(1)−Co(1) 125.7(4) N(2)−C(24)−C(23) 122.0(5)
C(24)−N(2)−C(20) 118.2(5) N(2)−C(24)−C(25) 117.6(5)
C(24)−N(2)−Co(1) 117.9(4) C(23)−C(24)−C(25) 120.3(5)
C(20)−N(2)−Co(1) 123.4(4) O(4)−C(25)−C(26) 109.4(5)
C(6)−O(1)−H(1) 109.5 O(4)−C(25)−C(32) 109.8(5)
C(14)−O(2)−C(19) 118.3(7) C(26)−C(25)−C(32) 112.5(5)
C(33)−O(3)−C(38) 115.8(7) O(4)−C(25)−C(24) 104.0(4)
C(25)−O(4)−H(4) 109.5 C(26)−C(25)−C(24) 110.8(5)
C(2)−C(1)−N(1) 125.0(6) C(32)−C(25)−C(24) 110.0(5)
C(2)−C(1)−H(1) 117.5 C(31)−C(26)−C(27) 117.8(6)
N(1)−C(1)−H(1) 117.5 C(31)−C(26)−C(25) 121.7(6)
C(1)−C(2)−C(3) 117.8(6) C(27)−C(26)−C(25) 120.3(6)
C(1)−C(2)−H(2) 121.1 C(28)−C(27)−C(26) 121.3(7)
C(3)−C(2)−H(2) 121.1 C(28)−C(27)−H(27) 119.4
C(2)−C(3)−C(4) 119.0(7) C(26)−C(27)−H(27) 119.4
C(2)−C(3)−H(3) 120.5 C(29)−C(28)−C(27) 120.7(7)
C(4)−C(3)−H(3) 120.5 C(29)−C(28)−H(28) 119.6
C(5)−C(4)−C(3) 120.3(6) C(27)−C(28)−H(28) 119.6
C(5)−C(4)−H(4) 119.8 C(28)−C(29)−C(30) 119.5(7)
C(3)−C(4)−H(4) 119.8 C(28)−C(29)−H(29) 120.2
C(4)−C(5)−N(1) 122.9(5) C(30)−C(29)−H(29) 120.2
C(4)−C(5)−C(6) 122.6(5) C(29)−C(30)−C(31) 119.4(7)
N(1)−C(5)−C(6) 114.4(5) C(29)−C(30)−H(30) 120.3
O(1)−C(6)−C(7) 106.1(4) C(31)−C(30)−H(30) 120.3
O(1)−C(6)−C(13) 110.5(4) C(26)−C(31)−C(30) 121.3(7)
C(7)−C(6)−C(13) 112.0(4) C(26)−C(31)−H(31) 119.4
O(1)−C(6)−C(5) 107.1(4) C(30)−C(31)−H(31) 119.4
C(7)−C(6)−C(5) 110.9(5) C(37)−C(32)−C(33) 116.6(7)
C(13)−C(6)−C(5) 110.1(5) C(37)−C(32)−C(25) 123.3(6)
C(8)−C(7)−C(12) 122.3(6) C(33)−C(32)−C(25) 120.0(6)
C(8)−C(7)−C(6) 122.8(5) O(3)−C(33)−C(34) 123.7(7)
C(12)−C(7)−C(6) 114.9(6) O(3)−C(33)−C(32) 115.2(6)
C(7)−C(8)−C(9) 122.3(7) C(34)−C(33)−C(32) 121.0(7)
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C(7)−C(8)−H(8) 118.8 C(35)−C(34)−C(33) 119.9(8)
C(9)−C(8)−H(8) 118.8 C(35)−C(34)−H(34) 120.1
C(10)−C(9)−C(8) 117.7(7) C(33)−C(34)−H(34) 120.1
C(10)−C(9)−H(9) 121.1 C(34)−C(35)−C(36) 120.4(9)
C(8)−C(9)−H(9) 121.1 C(34)−C(35)−H(35) 119.8
C(11)−C(10)−C(9) 120.7(7) C(36)−C(35)−H(35) 119.8
C(11)−C(10)−H(10) 119.6 C(35)−C(36)−C(37) 119.3(8)
C(9)−C(10)−H(10) 119.6 C(35)−C(36)−H(36) 120.3
C(10)−C(11)−C(12) 123.5(8) C(37)−C(36)−H(36) 120.3
C(10)−C(11)−H(11) 118.2 C(32)−C(37)−C(36) 122.7(7)
C(12)−C(11)−H(11) 118.2 C(32)−C(37)−H(37) 118.7
C(7)−C(12)−C(11) 113.3(8) C(36)−C(37)−H(37) 118.7
C(7)−C(12)−H(12) 123.3 O(3)−C(38)−H(38A) 109.5
C(11)−C(12)−H(12) 123.3 O(3)−C(38)−H(38B) 109.5
C(14)−C(13)−C(18) 115.0(6) H(38A)−C(38)−H(38B) 109.5
C(14)−C(13)−C(6) 122.0(6) O(3)−C(38)−H(38C) 109.5
C(18)−C(13)−C(6) 122.9(5) H(38A)−C(38)−H(38C) 109.5
O(2)−C(14)−C(13) 113.6(6) H(38B)−C(38)−H(38C) 109.5
O(2)−C(14)−C(15) 121.6(7) C(40)−C(39)−H(39A) 109.5
C(13)−C(14)−C(15) 124.8(7) C(40)−C(39)−H(39B) 109.5
C(16)−C(15)−C(14) 116.5(7) H(39A)−C(39)−H(39B) 109.5
C(16)−C(15)−H(15) 121.8 C(40)−C(39)−H(39C) 109.5
C(14)−C(15)−H(15) 121.8 H(39A)−C(39)−H(39C) 109.5
C(17)−C(16)−C(15) 121.6(8) H(39B)−C(39)−H(39C) 109.5
C(17)−C(16)−H(16) 119.2 O(5)−C(40)−C(41) 129(1)
C(15)−C(16)−H(16) 119.2 O(5)−C(40)−C(39) 118(1)
C(16)−C(17)−C(18) 119.8(8) C(41)−C(40)−C(39) 113(1)
C(16)−C(17)−H(17) 120.1 C(40)−C(41)−H(41A) 109.5
C(18)−C(17)−H(17) 120.1 C(40)−C(41)−H(41B) 109.5
C(17)−C(18)−C(13) 122.2(7) H(41A)−C(41)−H(41B) 109.5
C(17)−C(18)−H(18) 118.9 C(40)−C(41)−H(41C) 109.5
C(13)−C(18)−H(18) 118.9 H(41A)−C(41)−H(41C) 109.5
O(2)−C(19)−H(19A) 109.5 H(41B)−C(41)−H(41C) 109.5
O(2)−C(19)−H(19B) 109.5  
 
 
Table A44: Anisotropic displacement parameters (Å2x 103) for [Co(OON3)2(µ−Cl)2CoCl2]·C3H6O. The 
anisotropic displacement factor exponent takes the form: −2p2[h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Co(1) 48(1)  47(1) 45(1)  0(1) 8(1)  2(1) 
Co(2) 54(1)  46(1) 66(1)  −3(1) 10(1)  0(1) 
Cl(1) 57(1)  66(1) 61(1)  6(1) 4(1)  −8(1) 
Cl(2) 57(1)  54(1) 72(1)  8(1) 6(1)  6(1) 
Cl(3) 69(1)  82(1) 81(1)  1(1) 29(1)  7(1) 
Cl(4) 85(1)  50(1) 129(2)  −12(1) −16(1)  −3(1) 
N(1) 46(3)  45(3) 49(3)  2(2) 12(3)  7(2) 
N(2) 51(3)  51(3) 40(3)  1(2) 1(3)  1(3) 
O(1) 56(3)  50(3) 49(3)  −4(2) 13(2)  1(2) 
O(2) 147(5)  83(4) 100(4)  34(3) 25(4)  −3(4) 
O(3) 79(4)  108(4) 81(4)  3(3) 2(3)  39(3) 
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O(4) 56(3)  51(3) 44(2)  5(2) 15(2)  12(2) 
O(5) 147(7)  208(9) 124(6)  −51(6) 15(6)  30(6) 
C(1) 61(5)  73(5) 57(5)  −8(4) 3(4)  11(4) 
C(2) 52(4)  99(6) 64(5)  −12(4) −7(4)  19(4) 
C(3) 53(4)  85(5) 62(5)  −13(4) −17(4)  15(4) 
C(4) 56(4)  65(4) 50(4)  −16(3) −2(4)  11(3) 
C(5) 48(4)  43(3) 45(4)  −2(3) 5(3)  1(3) 
C(6) 42(4)  42(3) 43(4)  −8(3) 4(3)  −4(3) 
C(7) 63(4)  37(3) 44(4)  −4(3) 14(3)  0(3) 
C(8) 73(5)  45(4) 51(4)  8(3) 14(4)  4(3) 
C(9) 122(7)  58(5) 61(5)  0(4) 22(5)  −1(5) 
C(10) 149(9)  57(5) 66(5)  12(4) 26(6)  24(6) 
C(11) 96(7)  81(6) 90(6)  14(5) 9(5)  36(5) 
C(12) 114(7)  98(6) 56(5)  1(4) 2(5)  67(5) 
C(13) 49(4)  58(4) 48(4)  10(3) 10(3)  2(3) 
C(14) 67(5)  65(5) 67(5)  −6(4) 11(4)  13(4) 
C(15) 83(6)  103(6) 59(5)  38(5) 13(4)  −18(5) 
C(16) 74(6)  140(8) 75(6)  −15(6) 25(5)  −6(6) 
C(17) 67(5)  112(7) 76(6)  −15(5) 21(5)  2(5) 
C(18) 60(4)  69(5) 61(5)  −4(4) 20(4)  −3(4) 
C(19) 173(10)  100(7) 157(10)  45(7) 41(8)  17(7) 
C(20) 55(4)  61(4) 63(5)  7(3) 2(4)  12(3) 
C(21) 60(5)  72(5) 66(5)  −12(4) 10(4)  18(4) 
C(22) 55(4)  84(5) 66(5)  −3(4) 21(4)  11(4) 
C(23) 56(4)  68(4) 62(5)  9(4) 17(4)  3(4) 
C(24) 51(4)  52(4) 45(4)  −2(3) 8(3)  5(3) 
C(25) 49(4)  50(4) 47(4)  2(3) 7(3)  8(3) 
C(26) 56(4)  42(3) 53(4)  6(3) 11(3)  4(3) 
C(27) 85(5)  69(5) 53(5)  −2(4) 11(4)  −9(4) 
C(28) 77(5)  65(5) 72(5)  −5(4) 1(4)  −19(4) 
C(29) 75(5)  72(5) 90(6)  11(5) 13(5)  −16(4) 
C(30) 93(6)  72(5) 66(5)  22(4) 9(5)  −22(4) 
C(31) 67(4)  68(4) 49(4)  11(4) 4(4)  −14(4) 
C(32) 54(4)  52(4) 50(4)  3(3) 7(3)  −8(3) 
C(33) 56(5)  75(5) 58(5)  13(4) 4(4)  −2(4) 
C(34) 56(5)  111(7) 85(6)  20(5) −9(5)  −9(5) 
C(35) 82(7)  116(7) 75(6)  15(6) −20(5)  −28(6) 
C(36) 114(7)  93(6) 65(6)  −14(5) −9(6)  −10(6) 
C(37) 71(5)  82(5) 61(5)  −11(4) −3(4)  −1(4) 
C(38) 154(10)  246(14) 147(10)  −24(9) −15(8)  143(10) 
C(39) 222(15)  147(11) 209(14)  −5(10) 73(12)  18(10) 
C(40) 100(8)  109(8) 93(8)  −5(7) 33(7)  33(6) 
C(41) 265(18)  380(20) 128(11)  73(13) 71(12)  187(17) 
 
Table A45: Crystal data and structure refinement for [Fe(OON1)Cl2]2 
empirical formula  C26H24Cl4Fe2N2O4  
formula weight  681.97  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  triclinic  
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space group  P¯1 (No. 2)  
unit cell dimensions a = 9.882(5) Å α = 79.901(5)° 
 b = 11.354(5) Å β = 87.670(5)° 
 c = 14.259(5) Å γ = 65.751(5)° 
volume 1435(1) Å3  
Z 2  
density (calculated) 1.578 gcm−1  
absorption coefficient 1.418 mm−1  
F(000) 692  
crystal size 0.2 x 0.3 x 0.4 mm3  
theta range for data collection 2.26 to 28.10°.  
index ranges −13 < h < 13 
−13 < k < 13 
−18 < l < 18 
 
reflections collected 17384  
independent reflections 6418 [R(int) = 0.1593]  
data / restraints / parameters 6418 / 0 / 345  
Goodness−of−fit on F2 0.666  
final R indices [I>2sigma(I)] R1 = 0.0464, wR2 = 0.0692  
R indices (all data) R1 = 0.1911, wR2 = 0.0944  
largest diff. peak and hole 0.391 and −0.484 e.Å−3  
 
 
Table A46: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Fe(OON1)Cl2]2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Fe(1) 7421(1) 4612(1) 3415(1) 32(1)
Fe(2) 7493(1) 3378(1) 1592(1) 30(1)
Cl(1) 5411(2) 6076(2) 3884(1) 54(1)
Cl(2) 9364(2) 5068(2) 3569(1) 53(1)
Cl(3) 9659(2) 1667(2) 1589(1) 55(1)
Cl(4) 5653(2) 3070(2) 1061(1) 55(1)
O(1) 7251(4) 3135(4) 2989(2) 36(1)
O(2) 7106(6) −367(5) 3743(3) 68(2)
O(3) 7306(4) 5002(4) 2000(2) 33(1)
O(4) 7894(6) 8317(5) 1170(3) 66(1)
N(1) 7972(5) 3162(5) 4654(3) 39(1)
N(2) 7823(5) 4469(5) 335(3) 34(1)
C(1) 8410(8) 3274(8) 5511(4) 63(2)
C(2) 8742(8) 2301(9) 6295(5) 70(2)
C(3) 8615(8) 1188(8) 6215(5) 64(2)
C(4) 8176(7) 1054(6) 5359(4) 47(2)
C(5) 7854(6) 2052(6) 4584(4) 34(2)
C(6) 7354(7) 2003(6) 3637(4) 40(2)
C(7) 5866(7) 1865(6) 3666(4) 37(2)
C(8) 4552(7) 2983(7) 3647(4) 53(2)
C(9) 3214(9) 2903(9) 3638(5) 72(2)
C(10) 3155(10) 1739(10) 3639(5) 75(3)
C(11) 4412(10) 610(9) 3669(4) 69(2)
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C(12) 5766(9) 701(7) 3688(4) 51(2)
C(13) 7104(10) −1644(7) 3809(5) 89(3)
C(14) 8050(7) 4091(6) −529(4) 47(2)
C(15) 8413(7) 5967(7) −1231(4) 48(2)
C(16) 8364(7) 4788(7) −1302(4) 51(2)
C(17) 8161(6) 6373(6) −388(4) 43(2)
C(18) 7848(6) 5621(6) 393(3) 29(1)
C(19) 7525(6) 6022(6) 1369(3) 30(1)
C(20) 6219(7) 7341(6) 1335(3) 33(1)
C(21) 4794(7) 7436(6) 1405(4) 46(2)
C(22) 3588(8) 8608(8) 1404(4) 66(2)
C(23) 3870(10) 9711(8) 1346(5) 72(3)
C(24) 5255(10) 9682(7) 1259(4) 66(2)
C(25) 6460(9) 8448(6) 1248(4) 46(2)
C(26) 8241(9) 9424(8) 1167(5) 82(3)
 
 
Table A47: Bond lengths [Å] and angles [°] for [Fe(OON1)Cl2]2 
Fe(1)−O(1)  1.951(4) C(3)−C(4)  1.365(9)
Fe(1)−O(3)  1.986(3) C(4)−C(5)  1.379(7)
Fe(1)−N(1)  2.109(5) C(5)−C(6)  1.474(7)
Fe(1)−Cl(1)  2.173(2) C(6)−C(7)  1.540(8)
Fe(1)−Cl(2)  2.212(2) C(7)−C(12)  1.360(8)
Fe(2)−O(3)  1.965(4) C(7)−C(8)  1.391(8)
Fe(2)−O(1)  1.981(3) C(8)−C(9)  1.363(9)
Fe(2)−N(2)  2.088(4) C(9)−C(10)  1.35(1)
Fe(2)−Cl(4)  2.176(2) C(10)−C(11)  1.37(1)
Fe(2)−Cl(3)  2.223(2) C(11)−C(12)  1.386(9)
O(1)−C(6)  1.414(6) C(14)−C(16)  1.344(8)
O(2)−C(12)  1.373(8) C(15)−C(17)  1.339(7)
O(2)−C(13)  1.437(8) C(15)−C(16)  1.380(9)
O(3)−C(19)  1.422(6) C(17)−C(18)  1.387(7)
O(4)−C(25)  1.364(8) C(18)−C(19)  1.520(7)
O(4)−C(26)  1.431(8) C(19)−C(20)  1.518(7)
N(1)−C(5)  1.333(7) C(20)−C(25)  1.358(8)
N(1)−C(1)  1.356(7) C(20)−C(21)  1.368(8)
N(2)−C(18)  1.335(7) C(21)−C(22)  1.374(8)
N(2)−C(14)  1.355(7) C(22)−C(23)  1.38(1)
C(1)−C(2)  1.370(9) C(23)−C(24)  1.36(1)
C(2)−C(3)  1.34(1) C(24)−C(25)  1.420(9)
     
O(1)−Fe(1)−O(3) 73.3(1) C(3)−C(4)−C(5) 120.5(7)
O(1)−Fe(1)−N(1) 76.4(2) N(1)−C(5)−C(4) 120.7(6)
O(3)−Fe(1)−N(1) 147.0(2) N(1)−C(5)−C(6) 115.0(5)
O(1)−Fe(1)−Cl(1) 117.2(1) C(4)−C(5)−C(6) 124.3(6)
O(3)−Fe(1)−Cl(1) 106.2(1) O(1)−C(6)−C(5) 109.5(5)
N(1)−Fe(1)−Cl(1) 99.2(1) O(1)−C(6)−C(7) 110.7(5)
O(1)−Fe(1)−Cl(2) 131.3(1) C(5)−C(6)−C(7) 112.3(4)
O(3)−Fe(1)−Cl(2) 95.6(1) C(12)−C(7)−C(8) 117.9(7)
N(1)−Fe(1)−Cl(2) 94.4(2) C(12)−C(7)−C(6) 123.2(6)
Cl(1)−Fe(1)−Cl(2) 111.45(9) C(8)−C(7)−C(6) 118.9(6)
Katharina Butsch  11. Appendix 
O(3)−Fe(2)−O(1) 73.2(1) C(9)−C(8)−C(7) 120.5(8)
O(3)−Fe(2)−N(2) 77.3(2) C(10)−C(9)−C(8) 120.1(9)
O(1)−Fe(2)−N(2) 150.1(2) C(9)−C(10)−C(11) 121.8(8)
O(3)−Fe(2)−Cl(4) 124.5(1) C(10)−C(11)−C(12) 117.6(8)
O(1)−Fe(2)−Cl(4) 102.9(1) C(7)−C(12)−O(2) 114.7(7)
N(2)−Fe(2)−Cl(4) 97.3(1) C(7)−C(12)−C(11) 122.2(8)
O(3)−Fe(2)−Cl(3) 122.7(1) O(2)−C(12)−C(11) 123.1(8)
O(1)−Fe(2)−Cl(3) 97.0(1) C(16)−C(14)−N(2) 123.1(6)
N(2)−Fe(2)−Cl(3) 95.20(1) C(17)−C(15)−C(16) 118.8(6)
Cl(4)−Fe(2)−Cl(3) 112.79(9) C(14)−C(16)−C(15) 119.1(6)
C(6)−O(1)−Fe(1) 121.7(3) C(15)−C(17)−C(18) 120.2(6)
C(6)−O(1)−Fe(2) 129.8(3) N(2)−C(18)−C(17) 121.3(5)
Fe(1)−O(1)−Fe(2) 106.3(2) N(2)−C(18)−C(19) 115.2(4)
C(12)−O(2)−C(13) 118.5(6) C(17)−C(18)−C(19) 123.5(6)
C(19)−O(3)−Fe(2) 122.2(3) O(3)−C(19)−C(20) 112.3(4)
C(19)−O(3)−Fe(1) 129.5(3) O(3)−C(19)−C(18) 108.0(4)
Fe(2)−O(3)−Fe(1) 105.6(2) C(20)−C(19)−C(18) 112.3(4)
C(25)−O(4)−C(26) 120.2(6) C(25)−C(20)−C(21) 119.0(6)
C(5)−N(1)−C(1) 117.8(5) C(25)−C(20)−C(19) 119.8(6)
C(5)−N(1)−Fe(1) 116.6(4) C(21)−C(20)−C(19) 121.2(6)
C(1)−N(1)−Fe(1) 125.6(5) C(20)−C(21)−C(22) 122.8(7)
C(18)−N(2)−C(14) 117.4(5) C(21)−C(22)−C(23) 116.9(8)
C(18)−N(2)−Fe(2) 117.2(3) C(24)−C(23)−C(22) 123.0(8)
C(14)−N(2)−Fe(2) 125.4(4) C(23)−C(24)−C(25) 117.8(8)
N(1)−C(1)−C(2) 123.1(7) C(20)−C(25)−O(4) 117.4(6)
C(3)−C(2)−C(1) 118.6(7) C(20)−C(25)−C(24) 120.4(7)
C(2)−C(3)−C(4) 119.4(7) O(4)−C(25)−C(24) 122.2(7)
 
 
Table A48: Anisotropic displacement parameters (Å2x 103) for [Fe(OON1)Cl2]2. The anisotropic 
displacement factor exponent takes the form: −22[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Fe(1) 34(1)  27(1) 35(1)  −5(1) 4(1)  −13(1) 
Fe(2) 32(1)  24(1) 36(1)  −5(1) 3(1)  −13(1) 
Cl(1) 49(1)  45(1) 60(1)  −16(1) 19(1)  −11(1) 
Cl(2) 44(1)  64(1) 60(1)  −12(1) 0(1)  −30(1) 
Cl(3) 39(1)  35(1) 75(1)  0(1) 10(1)  −5(1) 
Cl(4) 52(1)  64(1) 63(1)  −10(1) −6(1)  −35(1) 
O(1) 53(3)  22(2) 34(2)  2(2) 3(2)  −20(2) 
O(2) 90(4)  36(3) 85(4)  −14(3) 19(3)  −32(3) 
O(3) 48(3)  21(2) 36(2)  −1(2) 3(2)  −20(2) 
O(4) 84(4)  42(4) 84(3)  −8(2) 13(3)  −41(3) 
N(1) 47(3)  40(4) 34(3)  −4(2) −1(2)  −21(3) 
N(2) 39(3)  32(3) 31(3)  −7(2) 4(2)  −14(3) 
C(1) 69(5)  70(6) 51(4)  −8(4) −7(4)  −30(5) 
C(2) 86(7)  79(7) 39(4)  15(4) −20(4)  −33(5) 
C(3) 61(6)  68(6) 43(4)  21(4) −11(4)  −17(5) 
C(4) 51(4)  33(4) 44(4)  3(3) 7(3)  −9(3) 
C(5) 29(4)  33(4) 30(3)  4(3) 6(3)  −9(3) 
C(6) 41(4)  21(4) 55(4)  1(3) 10(3)  −11(3) 
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C(7) 52(4)  30(4) 31(3)  −2(3) 6(3)  −21(3) 
C(8) 48(5)  55(5) 55(4)  0(3) 7(3)  −25(4) 
C(9) 52(6)  81(7) 85(6)  4(5) 10(4)  −36(5) 
C(10) 63(7)  104(8) 73(5)  7(5) −8(5)  −57(6) 
C(11) 92(7)  87(7) 60(5)  −7(4) 10(5)  −71(6) 
C(12) 72(6)  42(5) 46(4)  −5(3) 13(4)  −32(4) 
C(13) 157(10)  40(6) 92(6)  −24(4) 17(6)  −58(6) 
C(14) 61(5)  38(4) 52(4)  −15(3) 10(3)  −29(4) 
C(15) 48(5)  55(5) 31(3)  2(3) 2(3)  −15(4) 
C(16) 62(5)  59(5) 27(4)  −6(3) 8(3)  −21(4) 
C(17) 47(4)  27(4) 50(4)  1(3) 7(3)  −14(3) 
C(18) 23(3)  30(4) 30(3)  −2(3) 2(2)  −7(3) 
C(19) 36(4)  29(4) 29(3)  −2(3) −1(3)  −20(3) 
C(20) 43(4)  22(4) 32(3)  −5(2) 0(3)  −11(3) 
C(21) 41(4)  39(4) 51(4)  −5(3) 0(3)  −11(4) 
C(22) 52(5)  60(6) 57(5)  −3(4) 9(4)  3(5) 
C(23) 74(7)  45(6) 68(5)  −7(4) 8(4)  3(5) 
C(24) 101(7)  28(5) 59(5)  −3(3) 18(5)  −19(5) 
C(25) 65(5)  29(4) 42(4)  −5(3) 0(3)  −19(4) 
C(26) 103(8)  53(6) 106(6)  −20(5) 8(5)  −48(5) 
 
Table A49: Crystal data and structure refinement for [Cu(OON1)Cl2]n  
empirical formula  C13H12Cl2CuNO2  
formula weight  348.68  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  monoclinic  
space group  P21/c (No. 14)  
unit cell dimensions a = 14.674(2) Å α = 90° 
 b = 14.407(2) Å β = 103.84(2)° 
 c = 7.0563(9) Å γ = 90° 
volume 1448.5(3) Å3  
Z 4  
density (calculated) 1.599 gcm−1  
absorption coefficient 1.872 mm−1  
F(000) 704  
crystal size 0.2 x 0.2 x 0.2 mm3  
theta range for data collection 2.83 to 28.18°.  
index ranges −19 < h < 19 
−19 < k < 19 
−8 < l < 8 
 
reflections collected 13633  
independent reflections 3342 [R(int) = 0.1464]  
data / restraints / parameters 3342 / 36 / 193  
Goodness−of−fit on F2 0.845  
final R indices [I>2sigma(I)] R1 = 0.0467, wR2 = 0.0749  
R indices (all data) R1 = 0.1452, wR2 = 0.0880  
largest diff. peak and hole 0.407 and −0.512 e.Å−3  
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Table A50: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Cu(OON1)Cl2]n. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 
 x y z U(eq) 
Cu(1) 2981(1) 3003(1) 3619(1) 42(1)
Cl(1) 4041(1) 2148(1) 5738(2) 46(1)
Cl(2) 2007(1) 1825(1) 2386(2) 50(1)
O(01) 2174(3) 3822(2) 1644(6) 46(1)
O(2) 1251(7) 5261(7) 3140(20) 73(3)
O(3) 2376(9) 6118(7) −1137(17) 80(4)
N(1) 3472(3) 4247(3) 4649(6) 40(1)
C(1) 2564(4) 4741(3) 1465(9) 48(2)
C(2) 1097(8) 5533(7) 1710(20) 129(6)
C(3) 3210(3) 4962(3) 3407(9) 44(2)
C(4) 4382(4) 5289(4) 6958(9) 61(2)
C(5) 3563(4) 5844(4) 3874(10) 68(2)
C(6) 2347(17) 6800(12) −2500(30) 153(9)
C(7) 4030(4) 4416(4) 6388(8) 51(2)
C(8) 4149(4) 5999(4) 5652(11) 71(2)
C(9) 1788(5) 5433(4) 866(13) 75(3)
C(10) 577(14) 5360(13) 4110(30) 128(7)
C(11) 1749(8) 5987(6) −750(20) 149(6)
C(12) 985(10) 6613(8) −1390(30) 223(10)
C(13) 338(8) 6098(8) 1180(20) 192(8)
C(14) 323(11) 6607(7) −270(30) 207(10)
 
 
Table A51: Bond lengths [Å] and angles [°] for [Cu(OON1)Cl2]n 
Cu(1)−N(1)  2.001(4) C(1)−C(9)  1.497(8)
Cu(1)−Cl(1)  2.249(1) C(2)−C(9)  1.30(2)
Cu(1)−Cl(2)  2.255(1) C(2)−C(13)  1.36(1)
O(01)−C(1)  1.461(6) C(3)−C(5)  1.382(6)
O(2)−C(2)  1.05(2) C(4)−C(8)  1.365(8)
O(2)−C(10)  1.34(2) C(4)−C(7)  1.382(7)
O(3)−C(11)  1.04(1) C(5)−C(8)  1.359(8)
O(3)−C(6)  1.37(2) C(9)−C(11)  1.38(1)
N(1)−C(7)  1.325(6) C(11)−C(12)  1.43(2)
N(1)−C(3)  1.348(6) C(12)−C(14)  1.39(3)
C(1)−C(3)  1.502(7) C(13)−C(14)  1.26(2)
     
N(1)−Cu(1)−Cl(1) 96.8(1) N(1)−C(3)−C(1) 116.8(4)
N(1)−Cu(1)−Cl(2) 162.5(1) C(5)−C(3)−C(1) 122.1(5)
Cl(1)−Cu(1)−Cl(2) 96.76(5) C(8)−C(4)−C(7) 118.0(6)
C(2)−O(2)−C(10) 116(2) C(8)−C(5)−C(3) 119.3(6)
C(11)−O(3)−C(6) 116(2) N(1)−C(7)−C(4) 122.8(5)
C(7)−N(1)−C(3) 118.6(4) C(5)−C(8)−C(4) 120.1(5)
C(7)−N(1)−Cu(1) 126.1(4) C(2)−C(9)−C(11) 116(1)
C(3)−N(1)−Cu(1) 115.3(3) C(2)−C(9)−C(1) 124.6(9)
O(01)−C(1)−C(3) 106.8(4) C(11)−C(9)−C(1) 120(1)
Katharina Butsch  11. Appendix 
O(01)−C(1)−C(9) 109.9(5) O(3)−C(11)−C(9) 117(1)
C(3)−C(1)−C(9) 112.8(5) O(3)−C(11)−C(12) 119(1)
O(2)−C(2)−C(9) 113(1) C(9)−C(11)−C(12) 120(2)
O(2)−C(2)−C(13) 118(2) C(14)−C(12)−C(11) 115(2)
C(9)−C(2)−C(13) 128(2) C(14)−C(13)−C(2) 115(2)
N(1)−C(3)−C(5) 121.1(5) C(13)−C(14)−C(12) 126(2)
 
 
Table A52: Anisotropic displacement parameters (Å2x 103)for [Cu(OON1)Cl2]n. The anisotropic 
displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Cu(1) 46(1)  32(1) 42(1)  0(1) −2(1)  −1(1) 
Cl(1) 48(1)  46(1) 39(1)  5(1) 4(1)  5(1) 
Cl(2) 56(1)  38(1) 49(1)  −1(1) −2(1)  −9(1) 
O(01) 51(2)  29(2) 51(3)  −11(2) 1(2)  −2(2) 
O(2) 59(7)  80(7) 95(10)  −17(6) 48(7)  24(5) 
O(3) 111(10)  56(6) 91(9)  42(6) 60(8)  20(6) 
N(1) 39(3)  41(2) 38(3)  −4(2) 1(2)  −3(2) 
C(1) 54(3)  33(3) 53(4)  6(2) 4(3)  0(2) 
C(2) 87(8)  91(7) 165(13)  −72(8) −57(9)  43(6) 
C(3) 37(3)  30(3) 57(4)  −4(3) −3(3)  −2(2) 
C(4) 69(4)  59(4) 47(5)  −16(3) −2(3)  −17(3) 
C(5) 67(4)  36(3) 89(6)  5(3) −4(4)  −11(3) 
C(6) 230(30)  111(14) 150(20)  41(14) 113(17)  53(15) 
C(7) 57(4)  50(3) 40(4)  −3(3) 3(3)  −10(3) 
C(8) 68(5)  42(3) 92(6)  −12(4) −5(4)  −13(3) 
C(9) 62(5)  28(3) 106(7)  −9(3) −36(4)  11(3) 
C(10) 125(16)  141(16) 140(20)  −21(13) 73(15)  22(13) 
C(11) 105(8)  75(6) 210(13)  83(7) −75(8)  −33(6) 
C(12) 177(14)  86(7) 322(19)  107(10) −108(13)  −37(9) 
C(13) 97(7)  97(8) 316(18)  −120(9) −78(10)  49(7) 
C(14) 154(12)  33(5) 350(20)  −46(9) −108(13)  24(7) 
 
Table A53: Crystal data and structure refinement for [Cu(OON3)Cl2]2 
empirical formula  C19H17Cl2CuNO2  
formula weight  425.78  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  monoclinic  
space group  P21/c (No. 14)  
unit cell dimensions a = 9.073(2) Å a= 90° 
 b = 11.196(2) Å b= 100.18(2)° 
 c = 18.518(3) Å g = 90° 
volume 1851.5(5) Å3  
Z 4  
density (calculated) 1.527 gcm−1  
absorption coefficient 1.480 mm−1  
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F(000) 868  
crystal size 0.2 x 0.3 x 0.4 mm3  
theta range for data collection 2.88 to 28.15°.  
index ranges −11 < h < 11 
−14 < k < 14 
−24 < l < 24 
 
reflections collected 17270  
independent reflections 4478 [R(int) = 0.2427]  
data / restraints / parameters 4478 / 0 / 228  
Goodness−of−fit on F2 0.655  
final R indices [I>2sigma(I)] R1 = 0.0452, wR2 = 0.0542  
R indices (all data) R1 = 0.2433, wR2 = 0.0824  
largest diff. peak and hole 0.298 and −0.340 e.Å−3  
 
 
Table A54: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Cu(OON3)Cl2]2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 
 x y z U(eq) 
Cu(1) 5985(1) 1089(1) 4740(1) 48(1)
Cl(1) 4577(2) 1165(2) 5638(1) 54(1)
Cl(2) 8181(2) 958(2) 5470(1) 90(1)
O(1) 4131(4) 1448(3) 4031(2) 44(1)
O(2) 1988(4) 2912(4) 4202(2) 57(1)
N(1) 6756(5) 1531(5) 3829(2) 50(2)
C(1) 8144(6) 1308(7) 3699(4) 72(2)
C(2) 8594(8) 1602(9) 3049(4) 100(4)
C(3) 7608(8) 2147(8) 2518(4) 85(3)
C(4) 6175(7) 2376(6) 2625(3) 61(2)
C(5) 5768(6) 2050(6) 3284(3) 46(2)
C(6) 4235(5) 2306(5) 3456(3) 33(1)
C(7) 3008(6) 2028(6) 2798(3) 41(2)
C(8) 2352(7) 2927(7) 2341(3) 62(2)
C(9) 1253(7) 2651(9) 1738(4) 83(3)
C(10) 802(8) 1517(10) 1616(4) 85(3)
C(11) 1443(8) 625(8) 2051(4) 78(3)
C(12) 2569(6) 871(7) 2656(3) 56(2)
C(13) 4102(6) 3539(5) 3755(3) 36(2)
C(14) 5068(7) 4461(7) 3657(3) 49(2)
C(15) 4912(9) 5592(8) 3908(4) 76(2)
C(16) 3779(11) 5806(7) 4263(4) 80(3)
C(17) 2773(8) 4963(8) 4384(4) 62(2)
C(18) 2956(6) 3846(7) 4116(3) 45(2)




Table A55: Bond lengths [Å] and angles [°] for [Cu(OON3)Cl2]2 
Cu(1)−N(1)  1.999(4) C(7)−C(8)  1.381(8)
Cu(1)−Cl(2)  2.207(2) C(8)−C(9)  1.394(8)
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Cu(1)−Cl(1)  2.271(2) C(8)−H(8)  0.9300
Cu(1)−Cl(1)#1  2.644(2) C(9)−C(10)  1.34(1)
Cl(1)−Cu(1)#1  2.644(2) C(9)−H(9)  0.9300
O(1)−C(6)  1.448(6) C(10)−C(11)  1.35(1)
O(1)−H(1)  0.8200 C(10)−H(10)  0.9300
O(2)−C(18)  1.393(7) C(11)−C(12)  1.404(8)
O(2)−C(19)  1.417(6) C(11)−H(11)  0.9300
N(1)−C(1)  1.347(6) C(12)−H(12)  0.9300
N(1)−C(5)  1.357(6) C(13)−C(18)  1.375(7)
C(1)−C(2)  1.377(8) C(13)−C(14)  1.387(7)
C(1)−H(1)  0.9300 C(14)−C(15)  1.365(9)
C(2)−C(3)  1.35(1) C(14)−H(14)  0.9300
C(2)−H(2)  0.9300 C(15)−C(16)  1.337(9)
C(3)−C(4)  1.374(8) C(15)−H(15)  0.9300
C(3)−H(3)  0.9300 C(16)−C(17)  1.358(9)
C(4)−C(5)  1.384(7) C(16)−H(16)  0.9300
C(4)−H(4)  0.9300 C(17)−C(18)  1.367(9)
C(5)−C(6)  1.509(7) C(17)−H(17)  0.9300
C(6)−C(13)  1.499(7) C(19)−H(19A)  0.9600
C(6)−C(7)  1.531(7) C(19)−H(19B)  0.9600
C(7)−C(12)  1.367(9) C(19)−H(19C)  0.9600
     
N(1)−Cu(1)−Cl(2) 96.9(1) C(9)−C(8)−H(8) 120.1
N(1)−Cu(1)−Cl(1) 159.2(2) C(10)−C(9)−C(8) 120.0(8)
Cl(2)−Cu(1)−Cl(1) 96.77(7) C(10)−C(9)−H(9) 120.0
N(1)−Cu(1)−Cl(1)#1 95.3(1) C(8)−C(9)−H(9) 120.0
Cl(2)−Cu(1)−Cl(1)#1 102.09(9) C(9)−C(10)−C(11) 120.9(7)
Cl(1)−Cu(1)−Cl(1)#1 97.01(6) C(9)−C(10)−H(10) 119.5
Cu(1)−Cl(1)−Cu(1)#1 82.99(6) C(11)−C(10)−H(10) 119.5
C(6)−O(1)−H(1) 109.5 C(10)−C(11)−C(12) 120.5(8)
C(18)−O(2)−C(19) 118.5(5) C(10)−C(11)−H(11) 119.7
C(1)−N(1)−C(5) 117.6(5) C(12)−C(11)−H(11) 119.7
C(1)−N(1)−Cu(1) 125.6(5) C(7)−C(12)−C(11) 119.0(7)
C(5)−N(1)−Cu(1) 116.7(4) C(7)−C(12)−H(12) 120.5
N(1)−C(1)−C(2) 122.9(6) C(11)−C(12)−H(12) 120.5
N(1)−C(1)−H(1) 118.6 C(18)−C(13)−C(14) 115.3(6)
C(2)−C(1)−H(1) 118.6 C(18)−C(13)−C(6) 121.7(5)
C(3)−C(2)−C(1) 118.9(6) C(14)−C(13)−C(6) 122.9(5)
C(3)−C(2)−H(2) 120.6 C(15)−C(14)−C(13) 122.7(7)
C(1)−C(2)−H(2) 120.6 C(15)−C(14)−H(14) 118.7
C(2)−C(3)−C(4) 120.0(7) C(13)−C(14)−H(14) 118.7
C(2)−C(3)−H(3) 120.0 C(16)−C(15)−C(14) 118.0(8)
C(4)−C(3)−H(3) 120.0 C(16)−C(15)−H(15) 121.0
C(3)−C(4)−C(5) 119.1(6) C(14)−C(15)−H(15) 121.0
C(3)−C(4)−H(4) 120.5 C(15)−C(16)−C(17) 123.6(8)
C(5)−C(4)−H(4) 120.5 C(15)−C(16)−H(16) 118.2
N(1)−C(5)−C(4) 121.6(5) C(17)−C(16)−H(16) 118.2
N(1)−C(5)−C(6) 115.9(5) C(16)−C(17)−C(18) 116.6(7)
C(4)−C(5)−C(6) 122.4(6) C(16)−C(17)−H(17) 121.7
O(1)−C(6)−C(13) 108.7(4) C(18)−C(17)−H(17) 121.7
O(1)−C(6)−C(5) 102.2(4) C(17)−C(18)−C(13) 123.8(7)
C(13)−C(6)−C(5) 113.0(4) C(17)−C(18)−O(2) 121.7(6)
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O(1)−C(6)−C(7) 108.5(4) C(13)−C(18)−O(2) 114.5(6)
C(13)−C(6)−C(7) 112.7(5) O(2)−C(19)−H(19A) 109.5
C(5)−C(6)−C(7) 111.1(5) O(2)−C(19)−H(19B) 109.5
C(12)−C(7)−C(8) 119.7(6) H(19A)−C(19)−H(19B) 109.5
C(12)−C(7)−C(6) 119.5(6) O(2)−C(19)−H(19C) 109.5
C(8)−C(7)−C(6) 120.9(6) H(19A)−C(19)−H(19C) 109.5
C(7)−C(8)−C(9) 119.9(7) H(19B)−C(19)−H(19C) 109.5
C(7)−C(8)−H(8) 120.1  
Symmetry transformations used to generate equivalent atoms: #1 −x+1,−y,−z+1  
 
 
Table A56: Anisotropic displacement parameters (Å2x 103)for [Cu(OON3)Cl2]2. The anisotropic 
displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Cu(1) 42(1)  49(1) 49(1)  −5(1) 1(1)  −6(1) 
Cl(1) 71(1)  45(1) 47(1)  −10(1) 16(1)  −1(1) 
Cl(2) 48(1)  146(2) 67(1)  0(2) −13(1)  −13(1) 
O(1) 33(2)  48(3) 50(3)  7(2) 9(2)  0(2) 
O(2) 52(3)  73(4) 51(3)  −5(3) 21(2)  6(3) 
N(1) 35(3)  65(5) 51(3)  −15(3) 9(3)  −9(3) 
C(1) 33(3)  104(7) 74(5)  −23(5) −1(3)  3(4) 
C(2) 42(4)  198(12) 68(6)  −32(6) 29(4)  −8(5) 
C(3) 52(5)  155(9) 53(5)  −23(5) 23(4)  −29(5) 
C(4) 48(4)  99(6) 36(4)  −8(4) 9(3)  −16(4) 
C(5) 38(4)  63(5) 38(4)  −8(4) 9(3)  −12(3) 
C(6) 31(3)  38(4) 29(3)  5(3) 8(3)  −11(3) 
C(7) 25(3)  59(5) 40(4)  −10(4) 7(3)  −5(3) 
C(8) 55(4)  85(6) 41(4)  −5(4) −6(3)  −10(4) 
C(9) 55(5)  154(9) 36(4)  5(5) −3(4)  −16(5) 
C(10) 46(5)  162(11) 46(5)  −40(6) 8(4)  −44(6) 
C(11) 64(5)  96(7) 78(6)  −48(5) 23(4)  −21(5) 
C(12) 43(4)  74(7) 51(4)  −21(4) 5(3)  −11(4) 
C(13) 36(3)  47(5) 23(3)  0(3) 2(3)  −9(3) 
C(14) 63(4)  51(5) 32(4)  −2(4) 4(3)  −8(4) 
C(15) 91(6)  56(7) 74(6)  13(5) −8(5)  −18(5) 
C(16) 113(7)  44(6) 67(6)  −4(5) −29(5)  16(6) 
C(17) 72(5)  62(6) 48(5)  −6(4) −2(4)  15(5) 
C(18) 46(3)  50(5) 36(3)  −2(4) −3(3)  2(4) 
C(19) 75(5)  175(9) 83(5)  −31(7) 47(4)  −18(6) 
 
Table A57: Crystal data and structure refinement for [Cu(py)4(OTf)2]·2C5H5N  
empirical formula  C32H30CuF6N6O6S2  
formula weight  836.28  
temperature  293(2) K  
wavelength  0.71073 Å  
crystal system  monoclinic  
space group  P21/c (No. 14)  
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unit cell dimensions a = 19.545(5) Å α = 90° 
 b = 9.326(5) Å β = 97.841(5)° 
 c = 20.958(5) Å γ = 90°  
volume 3784(2) Å3  
Z 4  
density (calculated) 1.468 gcm−1  
absorption coefficient 0.767 mm−1  
F(000) 1708  
crystal size 0.4 x 0.4 x 0.6 mm3  
theta range for data collection 1.96 to 27.34°.  
index ranges −25 < h < 25 
−10 < k < 11 
−27 < l < 26 
 
reflections collected 47564  
independent reflections 8425 [R(int) = 0.1010]  
data / restraints / parameters 8425 / 0 / 558  
Goodness−of−fit on F2 0.702  
final R indices [I>2sigma(I)] R1 = 0.0388, wR2 = 0.0643  
R indices (all data) R1 = 0.1332, wR2 = 0.0786  
largest diff. peak and hole 0.316 and −0.487 e.Å−3  
 
 
Table A58: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[Cu(py)4(OTf)2]·2C5H5N. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 
 x y z U(eq) 
Cu(1) 7549(1) −134(1) 3522(1) 49(1)
S(1) 8238(1) 2643(1) 4773(1) 54(1)
S(2) 6624(1) −2922(1) 2443(1) 55(1)
O(1) 8048(1) 1832(3) 4190(1) 62(1)
O(2) 8705(1) 1913(3) 5249(1) 76(1)
O(3) 7675(1) 3357(3) 5006(1) 83(1)
O(4) 7151(1) −2074(3) 2816(1) 67(1)
O(5) 6122(1) −3510(3) 2810(1) 71(1)
O(6) 6350(1) −2311(3) 1833(1) 82(1)
F(1) 9300(1) 3573(3) 4278(1) 112(1)
F(2) 8401(1) 4825(3) 4046(1) 118(1)
F(3) 8979(2) 4941(3) 4978(1) 147(1)
F(4) 7423(1) −5109(3) 2751(1) 101(1)
F(5) 6699(2) −5416(3) 1906(1) 124(1)
F(6) 7583(1) −4102(3) 1875(1) 107(1)
N(1) 6630(1) 896(3) 3379(1) 49(1)
N(2) 7839(1) 892(3) 2753(1) 50(1)
N(3) 7231(1) −1149(3) 4289(1) 49(1)
N(4) 8477(1) −1157(3) 3688(1) 49(1)
N(5) 6020(3) −8614(14) 531(6) 293(7)
N(6) 10817(3) 967(6) 3830(3) 138(2)
C(1) 6605(2) 2326(4) 3372(2) 60(1)
C(2) 5990(2) 3077(5) 3285(2) 78(1)
C(3) 5384(2) 2343(5) 3187(2) 83(1)
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C(4) 5403(2) 886(5) 3191(2) 76(1)
C(5) 6027(2) 197(5) 3291(2) 62(1)
C(6) 8414(2) 1691(4) 2804(2) 58(1)
C(7) 8618(2) 2401(5) 2290(2) 73(1)
C(8) 8226(2) 2326(5) 1700(2) 73(1)
C(9) 7643(2) 1507(5) 1633(2) 69(1)
C(10) 7462(2) 815(4) 2167(2) 59(1)
C(11) 6989(2) −416(5) 4756(2) 59(1)
C(12) 6752(2) −1057(6) 5274(2) 73(1)
C(13) 6764(2) −2537(6) 5310(2) 81(1)
C(14) 7020(2) −3287(5) 4844(2) 72(1)
C(15) 7239(2) −2571(5) 4334(2) 60(1)
C(16) 8710(2) −1974(4) 3242(2) 62(1)
C(17) 9332(2) −2697(5) 3352(2) 74(1)
C(18) 9729(2) −2581(5) 3939(2) 76(1)
C(19) 9503(2) −1750(4) 4400(2) 66(1)
C(20) 8881(2) −1051(4) 4258(2) 59(1)
C(21) 8751(2) 4075(5) 4504(2) 75(1)
C(22) 7103(2) −4470(5) 2229(2) 76(1)
C(23) 5426(6) −7110(9) 215(5) 212(5)
C(24) 5575(12) −8420(30) 152(7) 503(17)
C(25) 4993(4) −7160(11) 699(5) 197(4)
C(26) 5625(4) −9055(8) 1095(4) 180(3)
C(27) 5168(4) −8159(11) 1169(3) 179(4)
C(28) 10281(3) 1441(8) 3395(3) 108(2)
C(29) 10221(3) 2666(9) 3160(2) 101(2)
C(30) 10689(5) 3604(7) 3348(3) 125(2)
C(31) 11259(4) 3282(8) 3784(3) 125(2)
C(32) 11316(3) 1957(9) 4023(3) 128(2)
 
 
Table A59: Bond lengths [Å] and angles [°] for [Cu(py)4(OTf)2]·2C5H5N 
Cu(1)−N(2)  2.022(3) N(5)−C(26)  1.55(1)
Cu(1)−N(1)  2.023(3) N(5)−C(23)  1.88(2)
Cu(1)−N(3)  2.035(3) N(6)−C(32)  1.363(7)
Cu(1)−N(4)  2.036(3) N(6)−C(28)  1.366(7)
Cu(1)−O(4)  2.399(2) C(1)−C(2)  1.383(5)
Cu(1)−O(1)  2.429(2) C(2)−C(3)  1.359(5)
S(1)−O(3)  1.427(2) C(3)−C(4)  1.360(6)
S(1)−O(2)  1.430(2) C(4)−C(5)  1.369(5)
S(1)−O(1)  1.442(2) C(6)−C(7)  1.370(5)
S(1)−C(21)  1.807(4) C(7)−C(8)  1.364(6)
S(2)−O(6)  1.435(2) C(8)−C(9)  1.363(5)
S(2)−O(5)  1.436(2) C(9)−C(10)  1.379(5)
S(2)−O(4)  1.442(2) C(11)−C(12)  1.374(5)
S(2)−C(22)  1.811(4) C(12)−C(13)  1.382(6)
F(1)−C(21)  1.317(4) C(13)−C(14)  1.352(6)
F(2)−C(21)  1.303(4) C(14)−C(15)  1.378(5)
F(3)−C(21)  1.310(4) C(16)−C(17)  1.381(5)
F(4)−C(22)  1.324(4) C(17)−C(18)  1.367(5)
F(5)−C(22)  1.310(4) C(18)−C(19)  1.359(6)
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F(6)−C(22)  1.318(4) C(19)−C(20)  1.376(5)
N(1)−C(1)  1.335(4) C(23)−C(24)  1.27(3)
N(1)−C(5)  1.337(4) C(23)−C(25)  1.41(1)
N(2)−C(6)  1.341(4) C(25)−C(27)  1.37(1)
N(2)−C(10)  1.345(4) C(26)−C(27)  1.248(9)
N(3)−C(15)  1.329(5) C(28)−C(29)  1.243(7)
N(3)−C(11)  1.332(4) C(29)−C(30)  1.288(8)
N(4)−C(16)  1.335(4) C(30)−C(31)  1.373(8)
N(4)−C(20)  1.343(4) C(31)−C(32)  1.333(8)
N(5)−C(24)  1.11(2)
     
N(2)−Cu(1)−N(1) 89.9(1) N(1)−C(1)−C(2) 122.5(4)
N(2)−Cu(1)−N(3) 178.5(1) C(3)−C(2)−C(1) 119.3(4)
N(1)−Cu(1)−N(3) 88.7(1) C(2)−C(3)−C(4) 118.6(4)
N(2)−Cu(1)−N(4) 91.1(1) C(3)−C(4)−C(5) 119.6(4)
N(1)−Cu(1)−N(4) 178.6(1) N(1)−C(5)−C(4) 122.8(4)
N(3)−Cu(1)−N(4) 90.5(1) N(2)−C(6)−C(7) 122.4(4)
N(2)−Cu(1)−O(4) 88.1(1) C(8)−C(7)−C(6) 120.1(4)
N(1)−Cu(1)−O(4) 93.4(1) C(9)−C(8)−C(7) 118.8(4)
N(3)−Cu(1)−O(4) 91.6(1) C(8)−C(9)−C(10) 118.7(4)
N(4)−Cu(1)−O(4) 87.6(1) N(2)−C(10)−C(9) 123.2(4)
N(2)−Cu(1)−O(1) 88.2(1) N(3)−C(11)−C(12) 123.3(4)
N(1)−Cu(1)−O(1) 90.3(1) C(11)−C(12)−C(13) 118.2(4)
N(3)−Cu(1)−O(1) 92.2(1) C(14)−C(13)−C(12) 118.8(4)
N(4)−Cu(1)−O(1) 88.7(1) C(13)−C(14)−C(15) 119.6(4)
O(4)−Cu(1)−O(1) 174.73(8) N(3)−C(15)−C(14) 122.4(4)
O(3)−S(1)−O(2) 115.7(2) N(4)−C(16)−C(17) 122.6(4)
O(3)−S(1)−O(1) 114.5(2) C(18)−C(17)−C(16) 119.3(4)
O(2)−S(1)−O(1) 114.0(2) C(19)−C(18)−C(17) 119.1(4)
O(3)−S(1)−C(21) 104.4(2) C(18)−C(19)−C(20) 118.6(4)
O(2)−S(1)−C(21) 103.9(2) N(4)−C(20)−C(19) 123.6(4)
O(1)−S(1)−C(21) 102.2(2) F(2)−C(21)−F(3) 108.5(4)
O(6)−S(2)−O(5) 115.5(2) F(2)−C(21)−F(1) 107.3(4)
O(6)−S(2)−O(4) 114.6(2) F(3)−C(21)−F(1) 106.4(4)
O(5)−S(2)−O(4) 114.2(2) F(2)−C(21)−S(1) 111.6(3)
O(6)−S(2)−C(22) 103.8(2) F(3)−C(21)−S(1) 111.4(3)
O(5)−S(2)−C(22) 104.0(2) F(1)−C(21)−S(1) 111.4(3)
O(4)−S(2)−C(22) 102.4(2) F(5)−C(22)−F(6) 108.0(4)
S(1)−O(1)−Cu(1) 157.1(2) F(5)−C(22)−F(4) 107.8(4)
S(2)−O(4)−Cu(1) 153.6(1) F(6)−C(22)−F(4) 106.9(3)
C(1)−N(1)−C(5) 117.2(3) F(5)−C(22)−S(2) 111.6(3)
C(1)−N(1)−Cu(1) 120.4(2) F(6)−C(22)−S(2) 111.3(3)
C(5)−N(1)−Cu(1) 122.5(3) F(4)−C(22)−S(2) 110.9(3)
C(6)−N(2)−C(10) 116.9(3) C(24)−C(23)−C(25) 102(1)
C(6)−N(2)−Cu(1) 121.4(2) C(24)−C(23)−N(5) 34.8(8)
C(10)−N(2)−Cu(1) 121.6(2) C(25)−C(23)−N(5) 97.2(7)
C(15)−N(3)−C(11) 117.6(3) N(5)−C(24)−C(23) 105(2)
C(15)−N(3)−Cu(1) 121.2(2) C(27)−C(25)−C(23) 115.2(7)
C(11)−N(3)−Cu(1) 121.2(3) C(27)−C(26)−N(5) 110.9(7)
C(16)−N(4)−C(20) 116.7(3) C(26)−C(27)−C(25) 118.7(7)
C(16)−N(4)−Cu(1) 122.0(2) C(29)−C(28)−N(6) 125.7(6)
C(20)−N(4)−Cu(1) 121.4(2) C(28)−C(29)−C(30) 118.5(6)
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C(24)−N(5)−C(26) 100(1) C(29)−C(30)−C(31) 122.2(6)
C(24)−N(5)−C(23) 41(2) C(32)−C(31)−C(30) 118.1(6)




Table A60: Anisotropic displacement parameters (Å2x 103)for [Cu(py)4(OTf)2]·2C5H5N. The anisotropic 
displacement factor exponent takes the form: −2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
Cu(1) 43(1)  56(1) 48(1)  9(1) 7(1)  4(1) 
S(1) 59(1)  55(1) 50(1)  1(1) 7(1)  3(1) 
S(2) 53(1)  57(1) 55(1)  −1(1) 5(1)  1(1) 
O(1) 69(2)  66(2) 48(2)  −5(1) −5(1)  −5(1) 
O(2) 85(2)  85(2) 51(2)  9(1) −11(1)  13(2) 
O(3) 78(2)  87(2) 92(2)  2(2) 38(2)  23(2) 
O(4) 59(1)  63(2) 77(2)  −14(1) 1(1)  −11(1) 
O(5) 64(2)  73(2) 82(2)  2(1) 28(1)  −8(1) 
O(6) 78(2)  100(2) 62(2)  19(2) −8(1)  14(2) 
F(1) 80(2)  122(2) 144(2)  −3(2) 48(2)  −20(2) 
F(2) 135(2)  91(2) 130(2)  55(2) 23(2)  −2(2) 
F(3) 204(3)  106(2) 133(2)  −48(2) 27(2)  −81(2) 
F(4) 110(2)  83(2) 113(2)  27(2) 26(1)  36(2) 
F(5) 148(2)  91(2) 137(2)  −55(2) 31(2)  −14(2) 
F(6) 115(2)  107(2) 113(2)  9(2) 66(2)  26(2) 
N(1) 47(2)  46(2) 53(2)  8(1) 6(1)  1(1) 
N(2) 46(2)  56(2) 47(2)  5(1) 6(1)  3(1) 
N(3) 46(2)  49(2) 53(2)  5(2) 9(1)  5(1) 
N(4) 46(2)  54(2) 47(2)  7(2) 7(1)  2(1) 
N(5) 119(5)  408(15) 377(13)  −242(12) 121(7)  −27(7) 
N(6) 124(4)  148(5) 153(5)  19(4) 56(4)  17(4) 
C(1) 45(2)  62(3) 71(3)  13(2) 2(2)  1(2) 
C(2) 74(3)  51(3) 107(4)  17(3) 9(2)  13(2) 
C(3) 55(2)  75(3) 116(4)  14(3) 4(2)  17(3) 
C(4) 43(2)  76(3) 105(4)  −2(3) −1(2)  1(2) 
C(5) 53(2)  54(3) 77(3)  −2(2) 9(2)  2(2) 
C(6) 53(2)  67(3) 53(2)  3(2) 11(2)  −1(2) 
C(7) 69(3)  78(3) 77(3)  10(3) 27(2)  −7(3) 
C(8) 96(3)  76(3) 53(3)  16(2) 33(2)  10(3) 
C(9) 84(3)  77(3) 47(3)  9(2) 11(2)  5(2) 
C(10) 59(2)  66(3) 52(2)  8(2) 4(2)  3(2) 
C(11) 63(2)  60(3) 54(2)  2(2) 13(2)  6(2) 
C(12) 79(3)  88(4) 57(3)  2(3) 23(2)  6(3) 
C(13) 85(3)  94(4) 71(3)  27(3) 27(2)  3(3) 
C(14) 84(3)  57(3) 80(3)  21(3) 22(2)  7(2) 
C(15) 61(2)  61(3) 60(2)  8(2) 14(2)  9(2) 
C(16) 52(2)  78(3) 54(3)  4(2) 7(2)  7(2) 
C(17) 60(2)  85(3) 81(3)  5(3) 26(2)  22(2) 
C(18) 44(2)  85(3) 98(4)  17(3) 9(2)  14(2) 
C(19) 50(2)  74(3) 71(3)  8(2) 2(2)  7(2) 
C(20) 53(2)  58(2) 65(3)  3(2) 6(2)  8(2) 
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C(21) 89(3)  63(3) 72(3)  −3(2) 13(2)  −16(2) 
C(22) 79(3)  71(3) 80(3)  −4(3) 20(2)  5(2) 
C(23) 265(11)  124(7) 274(12)  55(7) 140(9)  −15(7) 
C(24) 650(40)  630(40) 174(12)  −180(17) −144(16)  120(30) 
C(25) 164(7)  229(10) 201(9)  −50(8) 31(7)  100(7) 
C(26) 157(7)  133(6) 242(10)  88(6) −2(6)  48(5) 
C(27) 193(8)  245(10) 109(5)  68(6) 54(5)  78(7) 
C(28) 78(3)  155(6) 89(4)  3(4) 1(3)  −22(4) 
C(29) 78(3)  140(6) 79(3)  40(4) −10(3)  19(4) 
C(30) 180(7)  106(5) 100(5)  36(4) 62(5)  46(5) 
C(31) 144(6)  133(6) 105(5)  −2(4) 49(4)  −65(5) 
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